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The heterocyclic family of azoles have recently become one of the most 
widely used members of the N-heterocycles; the most prominent one 
being 1H-1,2,3-triazole (hereafter referred to as triazole) and its 
derivatives. The sudden growth of interest in this structural motif was 
sparked by the advent of click chemistry, first described in the early 2000s. 
From the early days of click chemistry, when the accessibility of triazoles 
made them into one of the most versatile linkers, interest has slowly 
turned to the use of triazoles as functional building blocks. The presence 
of multiple N-coordination sites, and a highly polarised carbon atom 
allows for metal coordination and the complexation of anions by both 
hydrogen and halogen bonding. Exploitation of these multiple binding 
sites makes it possible for triazoles to be used in various functional 
materials, such as metallic and anionic sensors. More recently, triazoles 
have also shown their potential in catalytic systems; thus increasing their 
impact far beyond the initial purpose of click chemistry. This chapter 
gives an overview of the structure, functionalities and use of triazoles with 
a focus on their use in catalytic systems. 
1.1  The dawn of c l ick chemistry 
1.1.1  The 1,3-dipolar cycloaddit ion reaction 
In 1893, the first example of a 1,3-dipolar cycloaddition reaction was reported by 
Michael, who investigated the reaction between phenyl azide and dimethyl 
acetylenedicarboxylate.[1] This report, however, did not attract the interest of the synthetic 
community until approximately 70 years later when this class of reactions was thoroughly 
examined and described by Huisgen and his team.[2] They developed reactions that were 
efficient methods towards di- or trisubstituted triazoles (sometimes referred to as v-triazole for 
vicinal); however, high activation energies required the use of activated precursors and, in most 
cases, elevated temperatures for the reactions to proceed. The observed reaction rates and 
regioselectivity of the reaction were later explained by Sustmann[3] and Houk,[4] who applied 
frontier molecular orbital (FMO) models to describe the reaction (Scheme 1.1a). In their 
models they assumed that the reaction between the 1,3-dipole (azide) and the 1,3-dipolarophile 
(acetylene) proceeded through an interaction of the highest occupied molecular orbital 
(HOMO) of one reactant and the lowest unoccupied molecular orbital (LUMO) of the other 
reactant, with a reaction rate that depended on the corresponding energy gap. Furthermore, due 
to the very similar HOMO–LUMO energy-level differences in the 1,3-dipole and 1,3-
dipolarophile, the cycloaddition reaction can proceed through a dipole-HOMO- (1,4-
regioisomer; A, Scheme 1.1) or dipole-LUMO-controlled (1,5-regioisomer; B, Scheme 1.1) 
pathway.[5] 
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Scheme 1.1  a) Azide–alkyne FMO interactions; b) Structure of the two possible 
products of the Huisgen 1,3-dipolar cycloaddition. 
By employing electron-donating or -withdrawing groups at the dipolarophile, the 
regioselectivity of this reaction can be adjusted to yield predominantly the 1,5- or 1,4-
regioisomer, respectively. Only a handful of substituents provided the exclusive formation of 
one of the regioisomers.[6] 
1.1.2  The copper(I)-catalysed azide–alkyne cycloaddition 
It was as recent as 2001 when the copper(I)-catalysed azide–alkyne cycloaddition 
reaction (CuAAC) gained significant interest with the introduction of the concept of “click 
chemistry”. Click chemistry, although often synonymous with 1,3-dipolar cycloaddition to 
yield the triazole, is more accurately attributed to a set of powerful, highly reliable, selective and 
atom-efficient reactions for the facile synthesis of useful new compounds.[7] To be classified 
under the banner of click reactions, the route should employ simple reaction conditions and 
readily available starting materials and reagents. They should use no solvent or a solvent that is 
either aqueous (for biological applications) or easily removed from the reaction mixture. Finally, 
the product should be easily isolated from any residual starting materials. A careful reader might 
argue that the Huisgen reaction does not comply with some of the above-stated requirements, 
especially because of the potentially explosive decomposition route of many azides[8] and the 
harsh reaction conditions, often reaching temperatures in excess of the boiling point of many 
solvents, required for the dipolar cycloaddition to take place. It was soon after establishing the 
foundations of click chemistry when Meldal and Sharpless almost simultaneously reported the 
CuAAC reaction.[9] This reaction, involving Cu(I) as the catalyst, was described as highly 
reliable and exhibiting an unusually wide scope with respect to both starting components.[10] 
Furthermore, the use of Cu(I) significantly changes the reaction mechanism (Scheme 1.2), 
resulting in the exclusive formation of the triazole-1,4-diyl unit (Scheme 1.1).  
Many studies have been undertaken that focused on describing the catalytic cycle, both 
from an experimental and computational viewpoint. These studies revealed a stepwise 
mechanism, involving unprecedented metallacycle intermediates, which appeared to be 
common for a variety of dipoles.[11] 
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Scheme 1.2  Proposed mechanism of the CuAAC reaction.[11, 12] [Cu] denotes a copper 
fragment that varies in the number of ligands and in the formal oxidation 
state. 
In the proposed reaction mechanism (Scheme 1.2), the reaction proceeds as follows: The 
first step (A) is the π-coordination of the Cu(I) ion to the alkyne, which increases the pKa of the 
alkyne, and thus, allows the subsequent deprotonation and formation of Cu(I) acetylide with a 
second Cu(I) ion (B). This is followed by the coordination of an azide at the π-coordinated 
Cu(I) (C). Coordination of the azide could occur either through the substituted or terminal 
nitrogen atom. Because the substituted nitrogen atom is more electron-rich, it is more likely 
that the azide coordinates to Cu(I) through this atom. Additionally, it increases the electron 
density on the metal centre, which facilitates subsequent oxidative coupling (D). The observed 
selectivity for the 1,4-regioisomer may be explained by the preference of the π-coordinated 
Cu(I) to form a bond with the terminal carbon atom of the acetylide, which directs the 
nucleophilic attack of the non-terminal carbon atom of the acetylide at the terminal nitrogen 
atom of the azide (D). As a result, a six-membered metallacycle is formed, which includes a µ-
alkenylidene moiety. Finally, the reductive elimination of Cu(I) affords the Cu(I)-bound 
triazolide in a highly exothermic process (E). In aqueous media, the Cu(I) triazolide then 
readily undergoes protonolysis (F), providing the free triazole and allowing the Cu(I) species to 
participate again in the catalytic cycle. 
The efficiency of this copper-mediated catalytic cycle, which results in virtually 
quantitative yields of the desired triazoles, and a rate improvement of a factor of 107 (when 
compared with the thermal cycloaddition reaction), resulted in immediate focus on this reaction 
by many fields of synthetic chemistry. The resulting triazole unit is essentially chemically inert 
to many subsequent reaction conditions, such as oxidation, reduction and hydrolysis; thus 
fulfilling all criteria outlined in the concepts of click chemistry. This robust, inert, versatile and 
orthogonal reaction has found a number of applications over the past decade, for example, in 
biomolecular ligation,[13] polymerisation reactions[14] and synthesis of functional materials.[15] 
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1.2  Triazoles as  l inkers  
The CuAAC reaction was shown to be high yielding, specific, regioselective and tolerant 
to other functional groups present within the components. These reactions proceed in many 
different solvents, including aqueous media, without a loss of efficiency and with an easy work-
up. The rigidity of the triazole ring prevents interactions between the linked components.[16] 
These favourable properties made the triazole unit a very useful linker for small molecules[17] 
and polymers,[18] particularly in the synthesis of biohybrid materials, which require methods 
that are selective and biocompatible to ensure that the properties of the building blocks are 
retained in the final structure.[19] Although this chapter is focused on the use of triazoles as a 
functional, rather than structural, element, some interesting examples of triazoles as linkers for 
bioconjugation are also presented. Several comprehensive reviews on this topic can be found in 
the literature.[13, 20] 
1.2.1  Strain-promoted azide–alkyne cycloaddition 
With ever-growing interest in using the triazole linker in bio-related applications, the 
means of eliminating the use of copper as a catalyst for this reaction were examined. Not only 
are the Cu(I) residues cytotoxic, they can also bind to the active site of many enzymes, thereby 
blocking or reducing their biological activity.[21] Furthermore, Cu(I) is easily disproportionated 
in an aqueous environment, which reduces the rate of the reaction.[22]  
In 1961, Wittig and Krebs showed that cyclooctyne reacted quantitatively with phenyl 
azide (Scheme 1.3) to form a triazole unit.[23] 
  
Scheme 1.3  Wittig–Krebs cyclooctyne cycloaddition. 
Recently, Bertozzi and co-workers developed this reaction as an attractive alternative to 
the copper-catalysed click cycloaddition for use in living systems.[21b, 24] This strain-promoted 
azide–alkyne cycloaddition (SPAAC), in combination with the employment of electron-
withdrawing groups next to the alkyne, was shown to greatly enhance the rate of the reaction (1, 
Figure 1.1).[25] 
  
Figure 1.1  Strain-activated acetylenes. 
Boons and co-workers reported the use of the highly reactive dibenzocyclooctynol for 
glycoprotein imaging (2, Figure 1.1).[26] Rutjes and co-workers introduced a nitrogen-
N
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containing cyclooctyne analogue (3, Figure 1.1), in which the nitrogen atom allowed 
straightforward functionalisation of the aniline moiety and modification of the system, for 
example, by sulfonation.[27] This system allowed for efficient coupling of various enzymes to 
poly(ethylene glycol) (PEG; termed PEGylation), as well as the construction of multi-functional 
enzyme complexes.[28] Recently, functionalised analogues of BCN (bicyclo[6.1.0]non-4-yne, 
Figure 1.1) were prepared by the Rutjes group.[29] Besides a much easier preparation, the BCN 
derivatives were shown to be stable, relatively non-lipophilic and symmetrical, which prevented 
the formation of regioisomers during cycloaddition. Beads appended with BCN were, for 
example, used as a so-called ‘azido-trap’ for the selective enrichment of azide-functionalised 
(glyco)proteins.[30] 
1.2.2  Protein conjugates  
The combination of synthetic polymers with biomacromolecules, such as proteins, is an 
attractive method for increasing the in vivo and in vitro applications of these compounds. The 
inclusion of the polymer alters the solubility and surface properties of the protein, and therefore, 
affects its stability, activity and biocompatibility. The applications for these types of biohybrid 
compounds include the areas of bio-sensors, artificial enzymes, biometrics, light-harvesting 
systems and photonics, as well as applications in nano-electronic devices.[31] 
By the attachment of a hydrophobic polymer to a biomolecule, a polymer biohybrid can 
be obtained that is amphiphilic in character. The Nolte group have formed protein–polystyrene 
conjugates, “giant amphiphiles”, using click chemistry and demonstrated that these compounds 
exhibited self-assembling properties similar to those of classical low-molecular-weight 
amphiphiles.[32] A polystyrene unit was coupled using click chemistry to an alkyne-appended 
bovine serum albumin (BSA) molecule generating amphiphiles (4, Scheme 1.4) that self-
organised into micellar structures.[32b] 
 
Scheme 1.4  Functionalisation of BSA with polystyrene. 
The PEGylation of a protein often increases the stability and solubility of biomolecules 
and has therefore become a frequently employed technique in the field of bioconjugation. 
Peschke et al. elongated human growth hormone (hGH) at its C-terminus by the addition of a 
Leu–Ala motif.[33] The C-terminal amino acid could then be converted into an azide, which was 
then clicked with various molecular weight methoxypoly(ethylene glycol) (mPEG) moieties to 
give PEGylated hGH derivatives (Scheme 1.5). The in vitro biological activity of these 
bioconjugate molecules was governed by both the molecular weight and branching structure of 
the attached PEG group (5a–c, Scheme 1.5).  
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Scheme 1.5  PEGylated proteins prepared by Peschke. 
The group of Schultz demonstrated site-specific PEGylation by the incorporation of 
non-natural amino acids containing azide functionalities (e.g., azidohomoalanine, 
azidonorvaline and azidonorleucine) into mutant proteins by genetic engineering.[34] 
Conjugation with alkyne-terminated PEGs of various lengths resulted in enzymes that showed 
activity similar to that of the native enzyme; a key enzyme in the processes that prevent the 
formation of reactive oxygen species in cells. The catalytic activity of enzymes has been vastly 
studied in bulk, but only recently have their characteristics been studied at the single-molecule 
level.[35] The groups of Nolte and Rowan constructed a heterodimer enzyme–protein conjugate 
from Thermomyces lanuginosa lipase (TLL) and BSA, in which the latter acted as a “protein foot” 
to stick the enzyme onto the surface.[36] BSA was functionalised with an azide moiety and 
clicked to the monoalkyne-appended lipase, constructed from the derivatisation of the only 
accessible lysine residue (Lys46) with 4-pentynoic acid. The resulting dimer was found to not 
only have improved adsorption properties, but also showed a two-fold increase in catalytic 
activity compared with that of the non-functionalised lipase. 
1.2.3  Glycoconjugates  
In addition to the click modifications of peptides, click chemistry has also been applied 
in carbohydrate chemistry. Carbohydrates can polymerise in a branched or linear fashion at a 
number of linkage positions, due to the presence of polyvalent repeat units. This feature gives 
rise to many different geometries and therefore a high degree of complexity. This is evident 
when it comes to their de novo synthesis through gluconeogenesis in the human body, which, 
in contrast to peptides and nucleic acids, is far from trivial, as a result of the large variety of 
functional groups present and the need for control over bio- and stereochemical factors. In 
addition, carbohydrates are often attached to other biomolecules, such as lipids, proteins and 
nucleic acids, highlighting the need for orthogonal coupling reactions that use mild conditions. 
Click glycochemistry has proven to be a valuable tool in the construction of glycosylated 
biohybrid materials and allows for the construction of materials that are otherwise 
unobtainable.[37] Riguera and co-workers used the click reaction with alkyne-appended 
unprotected sugars to decorate three generations of azido-terminated gallic acid–triethylene 
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glycol dendrimers.[38] In a different approach, Lee and co-workers prepared glycoclusters from 
an alkyne-functionalised carbohydrate core unit.[39] Four individual alkyne groups were 
introduced onto a methyl β-D-galactopyranoside unit and were then functionalised with azido-
linked lactose or N-acetyl lactosamine derivatives (6, Scheme 1.6). The resulting sugar-cored 
glycoclusters were found to be stronger inhibitors of RCA120 lectin than that of monovalent 
lactose. 
 
Scheme 1.6  Synthesis of glycoclusters by Lee et al.[39] 
1.2.4  Glycopeptides 
Another group of compounds commonly linked with click chemistry are the 
glycopeptides, which consist of an oligosaccharide linked through an N or O atom to a 
protein.[40] This glycosyl–protein bond is intrinsically sensitive towards enzymatic hydrolysis, 
resulting in limited metabolic stability. The groups of Rutjes[41] and Dondoni[42] independently 
investigated the incorporation of triazole linkages as stable isosteres for native glycosidic linkages. 
To determine the synthetic viability of triazolyl glycoamino acids, Rutjes and co-workers 
performed the CuAAC reaction with a range of anomeric azidoglycosides with N-Boc-
propargylglycine methyl ester (Boc=tert butoxycarbonyl) and isolated the triazole-linked 
products in good yields (30–98%).[41a] They also observed that triazole formation was successful 
when (i) using a disaccharide, (ii) varying the amino acid moiety or (iii) swapping the azide and 
alkyne functionalities of the sugars and amino acids. To further evaluate the amido isosteric 
properties of the triazole moiety, Rutjes and co-workers synthesised side-chain glycosylated 
cyclic arginine–glycine–aspartate (cRGD) derivatives for biological comparison studies.[43] Such 
RGD peptide motifs are commonly found in proteins of the extracellular matrix, such as 
fibrinogen and laminin, and act as cellular adhesion sites for integrin binding. 
1.2.5  Visualisat ion of biomolecules  
In addition to the above-presented functional improvements of biomolecules by 
appending new structures[44] or new functional sites to (bio)polymers,[45] a great deal of interest 
has also been focused on the visualisation of such biomolecules.[46] A coumarin-based 
fluorescent marker, linked through a triazole unit was, for example, used for the visualisation of 
oligonucleotides;[37a, 47] similar coumarine- and perylene-based moieties functionalised with 
azides were successfully coupled to helical dipeptido polyisocyanides containing acetylene 
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functionalities.[48] The potential of these scaffold types was further investigated with relation to 
their attachment to other molecules of biological relevance, such as antibodies, proteins and 
peptides.[49] Carell and co-workers prepared alkyne-functionalised DNA strands, which were 
sequence-selectively appended with azido sugars or fluorescent labels under CuAAC 
conditions.[50]  
1.2.6  Live-cel l  label l ing 
Utilising the previously described and developed methods for click bioconjugation 
reactions, click chemistry was recently shown to be a very appealing method for the direct 
labelling of live cells,[20b, 51] in which the orthogonality of the click reaction provided a means for 
the specific targeting of various parts of live cells, such as proteins,[52] nucleic acids[51a, 53] or cell 
membranes.[54] Very often these approaches utilise the SPAAC reaction, as shown by Bertozzi 
and co-workers, who performed live-cell labelling of specific protein glycoforms, providing a 
useful platform for investigating the roles of protein-specific glycosylation in various cellular 
contexts.[55] Wnuk and co-workers demonstrated the labelling of nucleosides and showed the 
potential application of this method for dynamic measuring and tracking of signalling events 
inside single living cancer cells (Figure 1.2).[56] 
 
Figure 1.2  Fluorescence microscopy and phase images of live cells; A: Phase image of 
MCF-7 cancer cells after the reaction of azide with cyclooctyne; B: 
Fluorescence microscopy image of the same MCF-7 cell; C: Merged 
images of panels A and B. Scale = 20 µm.[56] (Reprinted with permission 
from Ref. [56]. Copyright 2015 American Chemical Society.)  
1.3  Triazoles in functional materials  and sensors 
1.3.1  Functional properties  of  tr iazoles  
In addition to the extensive use of triazoles as linkers, their structure makes them ideal 
candidates for incorporation as a functional building block. The three nitrogen atoms of the 
triazole ring cause a strong polarisation of the aromatic π system, resulting in a partial positive 
charge on the carbon atoms and the nitrogen atom in the 1-position; the 2- and 3-position 
nitrogen atoms show partial negative charges.[57] This model is supported by experimental[58] 
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and computational data,[59] and further confirmed by the relatively large dipole moment, of 
almost 5 Debye, calculated for the triazole moiety (Figure 1.3).[60] 
 
Figure 1.3  Partial charges and the numbered structure of the 1H-1,2,3-triazole. 
The electronic structure of the triazole moiety, together with the lone electron pairs 
present on the nitrogen atoms, provide the triazole units with the ability to coordinate metals 
and serve as hydrogen-bond acceptors. The polarised hydrogen atom on the C5 carbon atom 
provides triazole with the ability to serve as a hydrogen-bond donor.[61] Several studies have 
emerged lately that exploit these favourable properties; a more detailed overview is presented 
below. 
1.3.2  Triazoles as  hydrogen-bond mediators  
The ability of triazole to act as a hydrogen-bond donor stems from the lowered 
electronegativity of the C5 atom; this is caused by the electron-withdrawing properties of the 
three nitrogen atoms (Figure 1.3), which result in an increased acidity of the C5 proton.[62] 
Flood and co-workers used the potential anion-binding properties of the triazole unit in the 
design and synthesis of triazolophane 7 (Figure 1.4).[62b, 63] 
 
Figure 1.4  Anion receptors prepared by Flood and Craig. 
Titration studies of 7 with halogen anions showed exceptionally high binding constants 
for chloride (KA = 11 × 106 M–1) and bromide (KA = 7.5 × 106 M–1) anions. Fluoride and iodide 
anions showed much lower binding constants (KA = 2.8 × 105 and 1.7 × 104 M –1, respectively) 
as a result of the size mismatch between the triazolophane receptor and respective halogen anion. 
In parallel, a very similar system of reconfigurable oligo(aryl-triazoles) was reported by Craig (9, 
Figure 1.4).[64] Due to the acyclic structure of these anion receptors, they showed approximately 
100 times lower binding constants for halogen anions than that of 7. A similar observation was 
described by Flood, who made a direct comparison between 7 and its open-ring analogue 8. 
The differences in the binding constants were ascribed to the need of pre-organisation in case of 
8 and 9, which had to pay an energy penalty upon anion binding.[65] The strong anion binding 
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of triazolophanes makes them ideal candidates for application as ionophores,[66] whereas triazole 
oligomers, such as 8 and 9, are potentially suitable for molecular switches, due to the anion-
responsive folding behaviour.[64b] Recently, Shainaz and co-workers demonstrated a similar type 
of anion sensor comprised of a simple 1,4-diaryltriazole unit containing a phenol moiety, which 
was selective for fluorine anions.[67] 
Hecht and co-workers took advantage of the hydrogen-bonding and metal-coordination 
abilities of the nitrogen atoms of the triazole units by preparing a variety of 2,6-bis(1H-1,2,3-
triazol-4-yl)pyridine foldamers (10) as click analogues to the well-known 2,2ʹ:6ʹ,2ʹʹ-terpyridine 
(terpy) ligands (Figure 1.5).[68] 
 
Figure 1.5  Free and coordinated forms of 10  and ligand t e rp y . 
The free and coordinated forms of compound 10 were shown to be in a dynamic 
equilibrium, and the orientation of the triazoles, and hence the geometry of the whole system, 
was pre-organised through intramolecular hydrogen bonding or by coordination to metals.[69] 
Chiral oligomeric analogues of 10 have remarkable self-assembly properties upon anion 
complexation, forming macromolecular helices (Figure 1.6a). Their helicity was shown to be 
tuneable and governed by the type of achiral anion.[70] The equilibration of the Fe2+ complexes 
of 10, together with their tuneable stability and interesting magnetic properties, should enable 
the design of dynamic metallo-supramolecular materials.[71] 
a)  b) 
  
Figure 1.6  a) Foldamers prepared by Hecht et al. (Reprinted with permission from 
Ref. [70b]. Copyright 2008 Wiley-VCH.); b) Foldamers prepared by 
Klumperman et al. (Reprinted with permission from Ref. [72b]. 
Copyright 2013 Wiley-VCH.) 
Klumperman and co-workers designed and prepared much larger click foldamers that 
possessed a cavity of nearly 31 Å (Figure 1.6b). This was achieved by decreasing the curvature of 
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the triazole–aryl–triazole unit by using 1,4-substituted phenylene groups. Furthermore, by 
functionalising the phenylene groups with chiral substituents, and by macromolecular 
templating of the clickamers using poly(γ-benzyl-L-glutamate), helical synthetic analogues of the 
tobacco mosaic virus were obtained.[72]  
1.3.3  Triazole–metal  coordination 
The presence of the electron lone pairs on the triazole N2 and N3 atoms, which are able 
to coordinate metal ions, introduces the possibility for triazoles to be used as metal sensors or 
stabilising ligands (Figure 1.7).[73] The nitrogen atoms can coordinate individually or 
simultaneously in a bridging fashion.[74] The increased electron density at N3, however, 
generally results in much more stable metal–N3 complexes, compared with metal–N2 
complexes. This was supported by competitive binding studies with multi-dentate ligand 11 in 
which a direct comparison of these two coordination modes was conducted (Figure 1.7).[75] 
 
Figure 1.7  Competitive binding study to demonstrate stronger donation from N3 
(the two possible binding sites, a and b, are denoted with dashed circles; 
(i) [Pd(CH3CN)4](BF4)2, CH3CN, r.t., 1 h). 
A computational study on the possible metal-binding sites showed that Ag+ could be 
coordinated to either the N2 or N3 atoms. The preferred coordination mode depended on the 
energy of the resulting geometry of the complex (see Chapter 2, Section 2.2.5, of this thesis). 
1.3.4  Cavitands functionalised with tr iazoles  
Calixarenes are a class of macrocyclic molecules that are extensively used in 
supramolecular chemistry.[76] The parent calix[n]arenes (n = 4, 6, 8) are conveniently prepared 
through a condensation reaction of formaldehyde with phenol; their functionalisation with 
triazole groups has been achieved, in most cases, by clicking alkynyl calixarenes to azide-bearing 
fluorophores (12, Figure 1.8).  
 
Figure 1.8  General structure of click calixarenes 12  and dual sensor 13  prepared by 
Chung. 
N N N
N
N
a b
(i)(i)
N
N N
N
N
N
NN
N
N
Pd
11 [Pd(11b)]
N N N
N
N
NNN
N
N
Pd
[Pd(11a)]
2·(BF4–) 2·(BF4–)
OHOH OO
OO
OO
O
O
O
N N
N N
N N
N N
N N
N N
R R
n n
12 13
12a:  R =
n = 1
12b:  R =
n = 4
N
O
12c:  R =
n = 1
Introduction 
 13 
The nitrogen atoms from the triazole groups and the calixarene oxygen atoms form a 
binding pocket, which makes these calixarenes highly effective cationic sensors. Chung and co-
workers presented the first examples of such systems (13) by utilising a crown ether binding 
site.[77] This design provided a chemosensor, which could be switched on and off by using K+ 
and Pb2+ ions as the triggers. The 1H NMR spectroscopic studies indicated that Pb2+ bound to 
the triazole binding pocket, quenching the anthracene fluorescence. Addition of K+, which 
binds to the crown ether pocket, results in the renewal of the fluorescence signal by 
decomplexation of Pb2+, attributed to electrostatic repulsion. A similar switchable sensor was 
later reported by the group of Vicens (Figure 1.8, 12a).[78] Compound 12a was found to be 
selective for the binding of Zn2+ and Cd2+ ions to enhance the fluorescence signal, whereas Pb2+ 
had the effect of quenching the pyrene fluorescence. The quinoline analogue 12b was reported 
to be a Hg2+ fluorescence quenching sensor.[79] Investigation into the binding mechanism of 
12b by 1H NMR spectroscopy indicated the involvement of both the quinoline and triazole 
units in metal binding, whereas a single-armed analogue showed no fluorescent switching 
behaviour, which pointed towards the favourable pre-organisation of the binding site induced 
by the calixarene. In another example, a reversed orientation of the triazoles was achieved (C–H 
facing the inside of the cavity) by linking both triazole moieties in 12c to a single anthracene 
unit.[80] This provided a cavitand selective for binding of bromide and iodide ions, suggesting 
their potential as anionic sensors. 
Another group of molecules often used in binding studies and supramolecular chemistry 
is cyclodextrins (14, Figure 1.9).[81] These are generally obtained from the enzymatic 
degradation of starch and are therefore readily available. Like calixarenes, they belong to the 
family of cage molecules, that is, the core of their structure is composed of a cavity that can trap 
or encapsulate other molecules. 
 
Figure 1.9  General structure of β-cyclodextrin and the respective substituents. 
Similar to calixarenes, click chemistry has been used as a tool to attach fluorescent 
molecules to cyclodextrins. The resulting triazole nitrogen atoms on the functionalised 
cyclodextrins served as a binding site for metal ions. Liu and co-workers prepared a selective 
Cd2+ sensor 14a,[82] in which Cd2+ ions enhanced the fluorescence intensity of the 
hydroxyquinoline group. Other metal ions, such as Cu2+, Fe3+ and Ag+, caused fluorescence 
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quenching. Benzathiodiazoyltriazoyl fluorophores have been used to create sensor 14b. 
Selective fluorescence quenching was observed upon the addition of Ni2+ ions to a solution of 
the sensor. The addition of Zn2+ with 14c, in a 1:1 stoichiometry, resulted in a complex with a 
seven-fold increase of fluorescence intensity.[83] Similar to 14c, cyclodextrins 14d and 14e 
were functionalised with the 2-pyridyl-triazole ligand; however, this time only on one of the 
amylose units. These were then used for the formation of Ir3+ and Ru2+ complexes. The Ir3+ 
complexes were found to be highly luminescent compounds with emission quantum yields 
ranging from 0.54 to 0.70. The presence of the cyclodextrin cavity led to highly luminescent 
species and reduction of the sensitivity of the Ir3+ complexes to dioxygen. This was ascribed to 
the partial self-inclusion of the iridium complex into the primary site of the cyclodextrin cavity, 
which acted as an enantioselective second-coordination-sphere protective ligand. 
1.3.5  Triazoles in conjugated and functional polymers 
In an effort towards adding an additional function to the triazole linkers, Reek and co-
workers,[84] later followed by the group of Jin,[85] incorporated triazole units into conjugated 
(co)polymers (Figure 1.10) for potential use in organic solar cells. 
 
Figure 1.10  Schematics of the polymers prepared by Reek and Jin. 
Despite the heteroaromatic character of the triazole ring, the UV–vis and fluorescence 
spectra of triazole-containing polymers indicated that there was only poor electronic 
communication between the linked aromatic units. This was attributed to the fact that the N1 
nitrogen atom acted as a conjugation barrier because its lone electron pair could not enter into 
effective conjugation with the aromatic substituent.[17a, 86] 
Polymeric systems offer a convenient way of amplifying the metal-binding abilities of a 
respective sensing unit, such as a triazole unit. The presence of the polymeric backbone was 
shown to greatly enhance the observed guest-induced changes in these receptors.[87] Cheng and 
co-workers used this approach for the synthesis of copolymer-based metal sensors 15a–c 
(Figure 1.11).[88] 
 
Figure 1.11  Copolymers prepared by Cheng. 
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Polymer 15a was reported to be selective towards the addition of Ni2+ ions and 
polymers 15b and 15c were reported to be very sensitive towards Hg2+, resulting in strong 
fluorescence quenching of the polymers. In Chapter 2, a chiral fluorescent binaphthyl polymer 
is shown to present metal-induced changes in the dihedral angle between the naphthyl units 
upon Ag+ coordination, as observed by UV–vis, florescence and circular dichroism (CD) 
spectroscopies. 
1.3.6  Triazoles in multi-valent systems 
The group of Tang reported the synthesis of hyperbranched polytriazoles by reacting 
multi-functional acetylene and azide compounds.[14, 89] They demonstrated an elegant process to 
adjust the optical properties of the obtained polymeric films by the photolysis of the polymers; 
this offers methodology to tune the emission colour of a polymer film simply by changing the 
regiostructure of the polytriazoles. 
 
Figure 1.12  Copper adhesion by the formation of hyperbranched polymers.[90] 
(Reprinted with permission from Ref. [90]. Copyright 2004 Wiley-
VCH.) 
In the group of Sharpless, a similar type of multi-valent molecule was shown to act, after 
polymerisation, as a very efficient adhesive, showing comparable or superior adhesive strength 
to that of standard commercial glues (Figure 1.12).[90] 
These studies on multi-valent molecules have paved the way for the use of click 
chemistry in dendrimeric synthesis.[91] The synthesis of these well-defined macromolecules is 
highly dependent on the efficiency of the reactions used in the synthetic process because 
structural defects can be, statistically, very easily introduced into the dendritic structure.[92]  
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Figure 1.13  Bifunctional dendrimers prepared by Sharpless. 
The group of Sharpless demonstrated a highly efficient route to triazole-based 
dendrimers; they utilised Frèchet’s convergent approach in their dendrimer synthesis.[93] This 
efficient strategy towards such dendrimers was subsequently used in the synthesis of multi-
valent bifunctional dendrimers (Figure 1.13). By incorporating mannose units into the binding 
portion of the dendrimers, complemented by coumarin fluorescent units in the reporting part, 
highly efficient dual-purpose recognition/detection agents for the inhibition of 
hemagglutination were prepared.[93b] The synergistic benefits provided by the multi-valent 
dendritic array of these mannose receptor groups were demonstrated by a 240-fold greater 
potency of the prepared dendrimer towards detection of the protein concanvalin A[94] than that 
observed in monomeric mannose. 
In the Astruc group, the synergistic effects of dendrimers were exploited even further by 
utilising a divergent synthetic approach. In addition to the use of click chemistry as a tool for 
the decoration of the dendritic periphery with ferrocene moieties, they also exploited the 
coordination and supramolecular capabilities of the intradendritic triazole linkers (17, Figure 
1.14).[95] The triazole linkers allowed for very efficient functionalisation of platinum electrodes 
with these dendrimers; binding was strongest for the third-generation dendrimers possessing 
243 triazole units (17, n = 9). The presence of the ferrocene moieties allowed for 
electrochemical recognition of oxoanions H2PO4– and ATP2–, as well as Pd2+ cations.[96] 
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Figure 1.14  Structure of the polyferrocenyl dendrimers prepared by Astruc. 
The poly(triazole)ferrocene dendrimers were shown to be a convenient neutral ligand for 
the stabilisation of functional gold nanoparticles in polar organic solvents, which find 
application in organic synthesis, sensing and catalysis.[97] In addition, the ability of these 
dendrimers to efficiently bind metal cations, such as palladium, has turned them into very 
useful nanoreactors for the catalysis of a number of carbon–carbon bond-forming reactions (see 
Section 1.4 for further details).  
1.3.7  Triazoles in bidentate l igands 
As outlined above, a considerable amount of work involving triazole complexes has been 
focused on the coordination of the triazole unit as part of the 2-pyridyl-triazole ligand (Figure 
1.15). The reason for this is that it closely resembles 2,2ʹ-bipyridine (bipy), which is one of the 
most widely used bidentate nitrogen ligands.[98] 
 
Figure 1.15  Structure of 2-pyridyl triazole and 2,2ʹ-bipyridine. 
Click chemistry provides a very convenient route for the synthesis of 2-pyridyltriazoles 
(pyta) and, in comparison with bipy, it is relatively easy to vary the steric and electronic 
properties of the triazole ligands. In a pilot study, Schweinfurth and co-workers prepared the 
triazole-linked push–pull system 18, as well as the pyta analogue 19a and its regioisomers 19b 
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and 19c (Figure 1.16).[99] Compounds 19a and 19c had much better metallochromic 
properties than that of 19b; this was ascribed to the more favourable relative position of the 
nitrogen atoms. When the pyridyl group was replaced by a phenyl group, the triazole unit in 18 
was shown to function as a metal-ligating entity, but the metal-cation-induced changes in 
absorption were much smaller than those of 19. 
 
Figure 1.16  The p y ta  ligands examined by Schweinfurth. 
The initial examination of the metallochromic properties of 18 and 19 was followed up 
by a study focused on the synthesis of ligands 20a–d, which resembled the structure of 19a. 
Using these ligands, it was possible to prepare a library of Pt2+ and Pd2+ complexes, 
demonstrating their feasibility for use in coordination chemistry and catalysis.[100] Yano and co-
workers used ligand 20c for the synthesis of a Rh+ complex.[101] This complex showed enhanced 
luminescence intensity and lifetime, which indicated a possible application of pyta–metal 
complexes as luminescence probes in time-gated imaging. Crowley and co-workers prepared a 
library of multi-functional pyta-based ligands as building blocks for metallosupramolecular 
architectures (Figure 1.17). The presence of multiple binding sites that were able to coordinate 
Ag+ ions allowed the formation of both discrete monomeric and supramolecular polymeric 
structures.[102] 
 
Figure 1.17  The p y ta  ligands prepared by Crowley. 
A study of the Pd2+ complexes of similar pyta-based ligands indicated that the 
formation and stability of the Pd2+ complexes was essentially unaffected by the electronic and 
steric properties of the pyta peripheral substituents.[75a, 103] This provides the possibility of using 
this family of ligands to generate novel Pd2+ and Pt2+ complexes for use as catalysts. 
In the Rowan group, a series of luminescent pyta–Ir3+ complexes were prepared and 
their electronic properties were studied.[104] Only limited electronic interactions were observed 
between the Ir3+ centres of these multi-chromophoric systems. These observations confirmed 
that conjugation in the heteroaromatic backbone did not extend through the sp3-hybridised 
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nitrogen atom of the triazole ring. The modular synthesis reported by Rowan and co-workers, 
together with the fact that each part of the system retained its individual optical properties, 
provided a convenient route towards covalently linked tuneable chromophoric systems. 
A comparative study of bipy, pyta and 1,1ʹ-disubstituted 4,4ʹ-bis(triazoles) (bita) as 
bidentate ligands for the formation of Ru2+ complexes was conducted by Fletcher and co-
workers (20b, 22, 23a–b).[105] 
 
Figure 1.18  Bidentate ligands studied by Fletcher and Monkowius. 
The pyta and bita ligands were shown to form stable Ru2+ coordination complexes, 
analogous to their bipy counterpart. The optoelectronic properties of these complexes appeared 
to be sensitive to the chelator identity, in which the HOMO–LUMO energy gap of the 
octahedral Ru2+ complexes increased as the number of triazole rings increased. The 
coordinatively symmetrical bita complexes were found to be largely optically transparent and 
non-fluorescent. In addition to the synthesis of similar Ru2+ complexes, Monkowius and co-
workers used these synthetically available chelators for the preparation of Cu+ and Re+ 
complexes.[106] The formation of stable complexes was reported and, similarly to the Ru2+ 
complexes, they were found to be non-fluorescent, making them suitable for use as spectator 
ligands.  
1.3.8  Multi-dentate tr iazole l igands 
Two of the most widely used structural motifs in the design of multi-dentate triazole 
ligands are the tris(2-pyridylmethyl)amine (tpa) and terpy ligands (Figure 1.19).[107] 
 
Figure 1.19  Multi-dentate pyridine and triazole ligands. 
Fokin and co-workers reported the first example of a click analogue of the tpa 
ligand.[108] During early mechanistic investigations of certain polyvalent CuAAC substrates, they 
serendipitously discovered that their reaction rates were unusually high and that these reactions 
appeared to be autocatalytic. The ligands appear to tightly bind to Cu+, thereby stabilising this 
oxidation state of the metal, as confirmed by cyclic voltammetry. From the various ligands 
tested, a tpa analogue, tris(benzyltriazolylmethyl)amine (tbta), clearly stood apart. Its 
tetradentate binding cavity was able to completely envelope the Cu+ centre.[109] Recently, a tert-
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butyl analogue of tbta (ttta) displayed even better catalytic activity than that of tbta.[12b, 110] 
Due to the poor solubility of tbta in aqueous media, more polar analogues of this ligand were 
prepared (thpta, 24a and 24b, Figure 1.19).[111] The catalytic applications of these will be 
discussed in more detail in Section 1.4. 
Due to the outstanding chelating properties of the tpa-type ligands, they have found 
applications in various metal-sensing systems. Ingale and Seela reported pyrene-functionalised 
compound 25, which displayed ratiometric selectivity for Zn2+ ions (25–Zn2+ 1:1).[112] The 
observed 80-fold increase of fluorescence intensity upon the addition of 10 equivalents of Zn2+ 
was attributed to the spatial separation of the pyrene units; thus preventing the π–π stacking 
interactions necessary for excimer emission. Zhu and co-workers prepared compounds 26a and 
26b functionalised with anthracene units (Figure 1.20).[113] These probes showed a fluorescent 
enhancement in response to Cd2+ and Zn2+. Compound 26b, without the methylene spacer 
between the triazole and anthracene unit, showed a greater fluorescent enhancement and a 
redshifted emission maximum compared with compound 26a. The coumarine-functionalised 
analogue 26c was prepared by Davidson and co-workers.[114] Similarly to 26a and 26b, a 
strong affinity towards Zn2+ was observed and the complex was therefore used for the 
visualisation of free Zn2+ ion distribution in live HeLa cells. The boron dipyrromethene 
(BODIPY) derivative 26d was prepared by Lippard and Rosenthal.[115] The Cu2+ complex of 
26d was found to be a selective sensor for nitroxyl in aqueous solution. The sensor takes 
advantage of paramagnetic fluorescence quenching by Cu2+. Upon exposure to an excess of 
nitroxyl, Cu2+ is reduced to Cu+, which is reflected by a four-fold increase in fluorescence 
intensity, whereas no response is recorded for various other reactive nitrogen and oxygen species. 
Compound 26d was also shown to be cell permeable, allowing the sensing of nitroxyl in HeLa 
cells. 
 
Figure 1.20  The tpa -like metal sensors. 
Ng and co-workers functionalised the BODIPY molecule with a pair of 
bis(triazolylmethyl)anilines to generate 27 (Figure 1.20).[116] Reaction of 27 with Cu2+ or Hg2+ 
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bis(triazolylmethyl)aniline arm is presumed to bind one metal ion. Binding results in a colour 
change of the solution, as well as fluorescence enhancement, each of which is unique, 
depending on the metal that is complexed. Similarly, Wu Vedamalai synthesised the 
functionalised BODIPY dyes 28 and 29.[117] In the presence of Hg2+ ions, these non-fluorescent 
probes become emissive and exhibit a colour change. The fluorescence response is selective for 
Hg2+ ions (1:1 binding ratio), and is observed even in the presence of other metals, such as Cu2+ 
and Zn2+ ions. Compound 28 was also used to image Hg2+ ions in live cells. 
The terpy analogue tr ipy (2,6-bis(1,2,3-triazol-4-yl)pyridine, Figure 1.19) was shown 
to form stable transition-metal complexes with Fe2+, Ru2+ and Eu3+ ions.[118] For the Fe2+ and 
Ru2+ cations, a greater distortion from octahedral geometry was observed in the case of the less 
curved tr ipy ligands than that for complexes formed from the terpy ligands. Meudtner and 
co-workers utilised the formation of these Fe2+ and Eu3+ complexes in the synthesis of metal-
responsive scaffolds based on tr ipy, which readily changed their conformation upon the 
addition of metal ions (see 10, Figure 1.5).[68] Schubert and co-workers focused on the study of 
Ru2+ complexes using tr ipy derivatives as ligands for use in dye-sensitised solar cells. When 
compared with the analogous terpy ligand complexes, they showed lower extinction 
coefficients, and longer excited-state lifetimes. The authors demonstrated ways to increase the 
extinction coefficients; this underlies the versatility of these ligands.[119] With the same aim, a 
series of photoredoxactive coordination polymers was prepared (Figure 1.21).[120] These have 
shown good solubility and film-forming properties, which, together with their optoelectronic 
properties, suggest their potential utilisation in printable photovoltaic devices. 
 
Figure 1.21  Metallopolymers prepared by Schubert. 
Govindaraju and Maity reported two Al3+-selective fluorescent sensors, 30a and 30b, 
incorporating terpy-like binding sites and containing dansyl and coumarin fluorophores, 
respectively (Figure 1.22).[121] Both sensors showed a large increase in fluorescence emission 
upon exposure to Al3+, accompanied with a significant blueshift in the case of 30a. The 
fluorescent response is, however, completely quenched upon the addition of competing metal 
ions, such as Cu2+ and In3+. These ions form non-fluorescent complexes in the presence of 30a 
and 30b. 1H NMR spectroscopic experiments indicate that the pyridine, triazole and 
fluorophore heteroatoms all contribute to Al3+ binding.  
N
N
N
N
N
N
N
C10H21
C10H21
N
N
N
N
N
N
N
C10H21
C10H21
N
N
N
N
N
N
N
C10H21
C10H21
N
N
N
N
N
N
N
C10H21
C10H21
conjugated
linkerRu
2+ Ru2+
conjugated linker = p-phenylene or oligo(p-phenylene vinylene)
Chapter 1 
 22 
 
Figure 1.22  Structures of t e rp y -like metal ligands and sensors. 
The tridentate fluorescent probe 31, functionalised with hydroxyquinoline moieties, 
showed a response to several metal ions.[122] Fluorescence was enhanced by Cd2+ and, to a 
greater extent, Zn2+ ions, whereas it was quenched by Fe2+, Cu2+, Ni2+ and Al3+ ions. A 1:2 
binding stoichiometry of compound 31 to Zn2+ ions was observed. Moreover, the zinc-induced 
fluorescence enhancement persisted in the presence of other metals, underlining the selectivity 
of this sensor. 
1.4  Triazoles as  l igands in catalytic  reactions 
As suggested from the sensory and metal-binding studies summarised in the previous 
section, the triazole-derived chelators are a rather versatile ligand group[15, 73a] with the potential 
of being used as part of catalytically active metal complexes.[123] Their ease of functionalisation 
allows for the synthesis of water-soluble complexes with predictable electronic properties and 
the potential to be built into functional supramolecular architectures. The most interesting 
applications of triazole-based ligands in catalytic systems are discussed below. 
1.4.1  Triazoles as  l igands in cl ick reaction catalysts  
The tbta ligands and their analogues (Figure 1.19), described by Fokin and co-workers, 
were found to greatly enhance the rate of the copper-mediated click reaction[108] due to the 
formation of a protective capsule surrounding the copper species (Scheme 1.7). In the presence 
of a reducing agent, such as sodium ascorbate, the Cu2+ complex is converted into an active Cu+ 
catalyst, with the central tertiary amine being permanently coordinated throughout the catalytic 
process. The pendant triazole groups transiently dissociate from the metal centre to allow the 
formation of a Cu+–acetylide, which is crucial for the catalytic cycle. Because the copper centre 
is enveloped by the nitrogen ligands, no free binding sites are available for potential destabilising 
interactions, for example, with oxygen, making the tbta ligand suitable for bioconjugation click 
reactions.[124] 
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Scheme 1.7  Formation of the Cu2+ complex of tbta. An ORTEP representation of the 
[CuIICl(tbta- κ4-N,N3,N3ʹ,N3ʹʹ)]+ complex with ellipsoids at the 20% 
probability level.[74a] (Reprinted with permission from Ref. [74a]. Copyright 
2008 The Royal Society of Chemistry.) 
As discussed in Section 1.3.8, several tbta analogues have been reported recently that 
showed an increase in both their catalytic activity and solubility in polar solvents, such as 
water.[12b, 111] Nanoparticle-supported tris(triazolyl)–Cu+ complexes were described by Astruc 
and co-workers.[125] They were reported to have outstanding catalytic properties and to be easily 
separable from the reaction mixtures and re-used without a significant loss of catalytic activity, 
owing to the solid-support character of these catalysts. 
1.4.2  Triazoles as  l igands in catalysts  for cross-coupling reactions  
The development of metal-catalysed cross-coupling reactions over the past 30 years has 
revolutionised the way in which carbon–carbon bonds between sp- and sp2-hybridised carbon 
atoms are formed. These methods have profoundly changed the protocols for the construction 
of natural products, building blocks for supramolecular chemistry and self-assembly, organic 
materials and polymers, and lead compounds for use in medicinal chemistry.[126] The 
importance of this type of reaction was also recognised in 2010 by the Royal Swedish Academy 
of Sciences, who awarded the Nobel Prize in Chemistry to Richard Heck, Ei-ichi Negishi and 
Akira Suzuki “for palladium-catalysed cross-couplings in organic synthesis”.[127] The constant 
development and refinement of the catalysts used for these reactions is ongoing. Lately, several 
examples of triazole derivatives serving as ligands in the catalysts for cross-coupling reactions 
have emerged. 
As outlined in Section 1.3.6, Astruc and co-workers designed and prepared a series of 
polytriazole dendritic compounds.[95, 128] These were found to effectively bind various metal ions 
within their dendritic structure. The sulfonated analogues of dendrimers, shown in Figure 1.14, 
were applied in the stabilisation of palladium nanoparticles (PdNPs) and used as catalysts for 
the Suzuki–Miyaura coupling reaction in aqueous media.[129] The dendrimer-stabilised 
palladium nanoparticles showed remarkably high turnover numbers (TONs) and turnover 
frequencies (TOFs), giving nearly quantitative yields at minimal (0.01 mol%) catalyst loading 
(Scheme 1.8).  
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Scheme 1.8  Suzuki–Miyaura coupling catalysed by PdNPs. 
In a later modification, the same type of dendrimer (32) was functionalised with 
hydrophilic triethylene glycol (TEG) tails (Figure 1.23).[130] This new type of dendrimer was 
also able to stabilise PdNPs and the formed catalysts remained stable for several months. The 
catalytic activity of these PdNPs was reported to be exceptionally high with bromoarenes (>90% 
yield), reaching TONs that were equal to or larger than 106. Such exceptional values were not 
reached with the PdNPs stabilised with ferrocene[131] or sulfonate groups reported earlier.[129] 
 
Figure 1.23  TEG-functionalised triazole dendrimer for PdNP stabilisation. 
The positive synergic effect of the stabilising triazoles and TEG groups was examined 
further using oligomers 33 and polymers 34, which were both able to coordinate to palladium 
(Figure 1.24).[132] Interestingly, the TEG units in 33 led only to the formation of PdNP 
aggregates and oligomers 33 were not a sufficiently efficient stabiliser to provide active PdNPs. 
This was not the case for polymer 34, which was found to provide active PdNPs, and could be 
attributed to the fact that several polymer molecules of 34 could envelop the PdNPs.  
 
Figure 1.24  Polymer-stabilised PdNPs. 
The prepared PdNPs were tested as catalysts for the Suzuki–Miyaura reaction. The 
combination of triazole rings and oligo(ethylene glycols) (OEGs) resulted in excellent activity in 
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catalysing the reaction of bromoarenes and aryl boronic acids in EtOH/H2O (1:1) with a very 
low catalyst loading (0.001–0.1 mol%). A comparison between triazole-containing dendrimer 
32 and polymer 34 showed that the polymer resulted in higher TOF values because of freer 
access of the PdNP than that in the dendrimer, whereas the better-shielded interior of the 
dendrimer offered higher TONs than those with the polymer due to better PdNP stabilisation. 
In a later approach, the dendrimers used by Astruc’s group were combined with the widely used 
pyta ligands (Figure 1.15). By reacting palladium acetate with these ligands, various mono- and 
polymetallic palladium complexes were synthesised (35, Scheme 1.9).[133] 
 
Scheme 1.9  Formation of the pyta-dendrimer catalysts. 
The solubility of the nona-pyta complexes decreased with an increasing number of 
complexed metal ions. The complexes at various stages of metal complexation (n = 3, 4, 9) 
could be separated, which allowed for the isolation of soluble tri-metallic, less soluble tetra-
metallic and insoluble nona-metallic complexes. This new group of palladium complexes was 
shown to be excellent as homo- or heterogeneous catalysts for the Suzuki–Miyaura, Sonogashira, 
and Heck reactions of haloarenes. The nona-metallic complex of 35 was an efficient 
heterogeneous catalyst that could be recycled at least ten times without significant loss of its 
catalytic activity. 
Verma and co-workers designed and prepared a robust N,N-type bidentate ligand based 
on benzotriazole (36) for the catalysis of various cross-coupling reactions, such as the Suzuki–
Miyaura, Heck, Fujiwara–Moritani, and Sonogashira reactions (Scheme 1.10).[134]  
 
Scheme 1.10  The applications of ligand 36 in various coupling reactions. 
The electron-donating ability of ligand 36 is enhanced relative to that of pyta because 
of the additional fused benzene ring. The ligand was found to be inexpensive, thermally stable, 
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easy to synthesise from easily accessible starting materials on a multi-gram scale, and showed 
robustness in application. It was also found to be effective in a variety of coupling reactions. 
Scrivanti and co-workers prepared and tested ligand 37, which was designed in such a 
way that metal complexation could proceed only through the N2 nitrogen atom of triazole, 
which formed a weaker metal–nitrogen bond than that of the N3 nitrogen atom (Figure 
1.25).[135] This feature was expected to have a positive effect on the attack of the boronic acid at 
the metal centre during the transmetallation step of the Suzuki–Miyaura coupling. Preliminary 
results from the 37–palladium complex as a catalyst for Suzuki–Miyaura coupling showed, 
however, only moderate yields with various aryl bromides. 
 
Figure 1.25  Various ligands used for palladium catalysis.  
Yi and co-workers prepared a fluoroalkylated triazole ligand 38.[136] Upon complexation 
with Pd2+, the ligand was used as a catalyst for the Suzuki–Miyaura reaction, providing very 
good yields when catalysing reactions with aryl bromides (>82%) as well as aryl chlorides (46–
89%). Moreover, owing to the perfluorinated alkyl substituent, it could be easily recovered by 
fluorous solid-phase extraction with excellent purity and reused with only a slight decrease in 
activity. 
Zhang and co-workers reported an additional example of ligands used for catalysis of 
Suzuki–Miyaura reaction when they combined triazole moieties with phosphines.[137] They 
prepared a series of triazole-based monophosphine ligands (ClickPhos, 39), for which the 
associated palladium complexes were demonstrated to be effective catalysts in the coupling 
reactions of inactivated aryl chlorides with high yields (86–99%). 
1.4.3  Triazole-based l igands for oxidation/reduction catalysis  
An important class of synthetic reactions are the oxidation and reduction reactions. They 
are widely used in the chemical and food industry, and triazole ligands provide a convenient 
route towards the synthesis of custom-made catalysts. Solid-support catalysts are especially 
desirable for heterogeneous catalysis because they allow for easy catalyst separation and recycling. 
The SBA-15 (ordered mesoporous silica)-supported catalyst 40, containing a triazole 
unit, was reported by Ding and co-workers (Scheme 1.11 The pyta unit acted as both a stable 
linker and a good chelator, and was applied as a ligand in the palladium-catalysed aerobic 
oxidation of benzyl alcohols. 
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Scheme 1.11  Palladium-catalysed oxidation of alcohols using ligand 40. 
Pericàs and Cambeiro reported the synthesis and use of proline-derived aminotriazole 
ligands, such as 41, for homogenous ruthenium-catalysed hydrogenation reactions (Scheme 
1.12).[138] From the ligands prepared, compound 41, equipped with a bulky diphenyl tert-butyl 
siloxane substituent group, showed the best catalytic activity and enantioselectivity. 
 
Scheme 1.12  Hydrogenation reactions performed by Pericàs. 
Similarly, Adolfsson and Tinnis prepared a series of amino acid derived ligands for the 
enantioselective reduction of ketones (42, Scheme 1.13).[139] The catalytic activity and 
enantioselectivity of the in situ formed rhodium complexes was, in general, very good. Although 
the typical amount of catalyst used in hydrogenation reactions is 0.5–1 mol%, and going below 
this amount usually results in unproductive conversions, in some cases the required catalytic 
loading of 42 is only 0.1 mol%. 
  
Scheme 1.13  Reduction reaction using the thioamide–triazole ligand 42. 
Singh and co-workers prepared a series of ruthenium catalysts (43–46), which they used 
for the oxidation of primary and secondary alcohols (in the presence of N-methylmorpholine 
N-oxide (NMO)), and for the hydrogenation of ketones (Scheme 1.14).[140] The catalysts, in 
which the N2 atom is bound to ruthenium (45, 46), were shown to be more efficient than 
those involving N3–metal coordination. This could be attributed to the weaker N2–metal bond, 
compared with that in the N3-coordinated analogues. 
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Scheme 1.14  Catalytic reactions performed by Singh and co-workers. 
Albrecht and Canseco-Gonzalez reported the synthesis of ruthenium triazolylidene 
complexes for base-free alcohol oxidation (Scheme 1.15).[141] Catalysts 47a and 47b showed 
the best activity of those screened, and oxidation of various primary and secondary benzylic 
alcohols provided the corresponding aldehydes and ketones in good to excellent yields. 
Furthermore, omitting the base is very appealing from an atom-efficiency perspective and allows 
for wider functional-group tolerance. In the same group, similar triazolylidene–iridium 
complexes were shown to be very efficient in the catalytic oxidation of water, producing O2.[142] 
  
Scheme 1.15  Ruthenium complexes prepared by Albrecht. 
The combination of phosphites and triazole ligands has received much attention in 
rhodium catalysis. Mono- and bidentate triazole-based phosphite ligands (48a–c) were 
prepared by Börner and co-workers and applied to the rhodium-catalysed hydroformylation of 
1-octene. The in situ formed catalyst provided high conversions and n-regioselectivities (Scheme 
1.16).[143] 
 
Scheme 1.16  Hydroformylation of 1-octene using ligands 48a–c; acac=acetylacetonate, 
COD=1,5-cyclooctadiene. 
Wang and co-workers recently reported an efficient method for the synthesis of triazole-
based tetradentate ligands (49a–d, Scheme 1.17).[144] The triazole unit of these ligands offers an 
elegant alternative to pyridyl-based ligands and can easily be used for further functionalisation. 
Their Mn2+ complexes were used in the epoxidation of various terminal aliphatic olefins with 
peracetic acid as an oxidant and showed short reaction times and good catalytic activities. 
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Scheme 1.17  Ligands prepared by Wang and co-workers. 
1.5  Conclusion 
For more than a decade, the triazole moiety has become one of the most widely used 
structural elements in the toolbox of synthetic chemists. The broad scope and use of triazole-
functionalised structures has also created the need for alternative methods towards its synthesis, 
such as the copper-free SPAAC reaction, which is especially useful in biologically relevant 
applications. Moreover, during the last few years, triazole has been shown to be more than just a 
structural element; it has presented itself as a versatile functional group with diverse binding 
properties for a range of sensing applications. The favourable metal-binding properties and 
variety of coordination modes have made it possible for triazoles to be employed as a 
coordination site in various catalytic systems. The similarity to and relationship with imidazole 
and imidazolium ligands provide a plethora of possibilities in catalysis by both transition-metal 
complexes and nanoparticles that will continue to grow at a fast rate in the future. 
1.6  Outline of the thesis  
This thesis presents an elegant use of the click reaction through the exploitation of the 
sensory and catalytic properties of the resulting nitrogen-containing heterocyclic materials. Not 
only do triazole moieties act as simple linkers, but they also add function to the synthesised 
architectures. This convenient toolbox was used to make materials that combined the structural 
motif of the triazole and its ability to carry out a functional role in catalysis and sensing. 
Therefore, a further examination of their properties was of great relevance and importance. 
The content of this thesis is divided into two parts: The first is focused on triazole-
containing materials and the second is focused on BODIPY-functionalised reporters. The aim 
of the research was to design functional macromolecular and supramolecular architectures able 
to perform a function utilising the triazole moiety and to read out the function using the 
BODIPY reporter.  
In Chapter 2, the triazole group was successfully incorporated into an electron-rich 
chiral polymeric system. The close proximity of the triazole ring, which served as a metal and 
proton receptor, to the chiral centre of the 1,1´-binaphthyl (BINap) unit resulted in observable 
and reversible changes in the optical properties of the prepared polymers, and it was possible to 
quantitatively detect the presence of Ag+ cations by means of a variety of optical spectroscopic 
techniques. 
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Chapter 3 focuses on a comparative study of the two most commonly used azoles in 
click chemistry: 1,4-disubstituted triazoles and 3,5-disubstituted isoxazoles. Owing to their 
varied structures, differences were found in their electronic properties, making isoxazoles 
potentially useful in the synthesis of conjugated polymers and non-linear optical materials, due 
to their higher π-electron density. 
The aim of Chapter 4 was to prepare a synthetic click analogue of graphene. A 
macrocyclic molecule was designed that possessed hexagonal cavities with multiple nitrogen 
binding sites facing the inside of the cavities. These macrocycles could potentially serve as either 
multi-dentate ligands or hydrogen-bond acceptors. Efforts were made towards the formation of 
these cavities; however, side reactions caused by the high degree of functionalisation and poor 
solubility of the products did not allow for the isolation of the desired product. 
In Chapter 5 the focus was turned towards pyrrole-containing BODIPY molecules. 
After their functionalisation with olefin side chains, they served as reporters for the real-time 
observation of an epoxidation reaction within a porphyrin-based catalytic macrocycle. It was 
shown that the reporter could efficiently penetrate the cavity of the catalyst, where it underwent 
chemical changes, which resulted in significant changes to the optical properties of the 
BODIPY core. Progress of the reaction could be observed by the naked eye and followed in 
detail by fluorescence spectroscopy. 
After proving the feasibility of the monomeric BODIPY reporters, the aim of Chapter 6 
was to expand the library of these olefinic molecules and prepare oligo- and polymeric systems. 
Oligomeric systems were successfully prepared and tested with the catalytic macrocycle. 
Although efforts were made towards the synthesis of the BODIPY polymers, these were found 
to be poorly soluble products and could not be isolated, despite the employment of various 
purification techniques.  
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With the aim of exploiting the metal-coordination and hydrogen-
bonding properties of triazoles, the synthesis and optical studies of a new 
chiral polymeric sensor are described in this chapter. Chirality was 
introduced into the polymer through the 1,1´-binaphthyl subunits and 
the desired optical properties were obtained by the introduction of 
fluorene moieties. Polymerisation was performed using the copper-
catalyzed azide–alkyne cycloaddition reaction, which resulted in two types 
of polymers, differing in the orientation of the triazole unit. The triazole 
linker acted as a cation recognition unit and responded to both exposure 
to metal ions and changes in the pH of the solution. Both changes in the 
environmental conditions resulted in a clear response in the UV–vis, 
circular dichroism (CD) and fluorescence spectra of the polymers. The 
increase in the CD absorption bands at 300 and 350 nm, after the 
addition of metal ions or a change in pH, suggests a change of the 
dihedral angle between the two naphthalene units on the binaphthyl 
moiety. The modulation in signal was detected in real time and was 
reversible after several cycles; this makes this system a suitable candidate 
for further applications as an ion or pH chiroptical sensor. 
2.1  Introduction 
Optically active organic polymers have been the subject of many studies reported in the 
scientific literature, mainly due to their unique chiral structures (e.g., helical chirality).[1] The 
most unique and intrinsic chiroptical properties derived from such structures, including circular 
birefringence/optical rotation (OR) and circular dichroism (CD), have been extensively 
investigated in terms of their potential photonic applications.[2] These functional polymers with 
tuneable (chir)optical and electronic properties can be obtained by the careful combination of 
monomers that have been designed and selected for an appropriate purpose, for example, to 
generate optically active materials responsive to external stimuli.[3–5] 
Configurationally stable 2,2´-substituted 1,1´-binaphthyl (BINap) derivatives directly 
introduce axial chirality into a polymer structure, and the resulting polymers belong to one of 
the most investigated groups of synthetic optically active polymers.[6] Further functionalisation 
of the BINap derivatives by strategically positioned functional groups on the naphthyl rings has 
led to new generations of binaphthyl-based derivatives for applications in asymmetric 
catalysis,[7] chiral fluorescent sensors[8] and electro-optical switchable devices.[9] Functionalised 
chiral binaphthyls have been recently employed as enantioselective optical sensors for amino 
acids, with enhanced affinities towards only one of the enantiomers.[10] 
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Figure 2.1  Structure and numbering of (R,S)-1,1´-binaphthyl. 
Enantiopure conjugated polymers based on BINap are rare and their synthetic 
availability is limited.[11] Therefore, these types of polymers have been made synthetically more 
accessible through the grafting of BINap entities onto conjugated polymeric backbones, mainly 
through positions 3 and 3´ or 6 and 6´ (Figure 2.1).[12] 
Optically active conjugated polymers with a BINap unit in the polymeric backbone 
linked through the 2 and 2´ positions have not been reported to date. This is mainly due to the 
absence of general and efficient methods for the preparation of non-racemic binaphthyls bearing 
substituents at positions 2 and 2´; racemisation of the compounds is often observed in the course 
of substitution reactions at these positions.[13] Due to the close proximity of the functional groups 
at the 2 and 2´ positions to the stereogenic unit, one can anticipate that such polymers will be 
more sensitive and more responsive towards changes in the dihedral angle of the BINap moieties. 
By utilising a previously described, effective approach to C2-symmetric optically active binaphthyl 
derivatives, enantiomerically pure monomers with acetylene[14] or azido groups at the 2 and 2´ 
positions were prepared. These monomers served as starting materials for the copper(I)-catalyzed 
Huisgen azide–alkyne cycloaddition (CuAAC) reaction, the so-called ‘‘click’’ reaction,[15] 
discussed in Chapter 1, which has proven to be an excellent synthetic tool in the preparation of 
functional polymeric materials[16] and bioconjugates.[17] The triazole unit, a five-membered 
heterocyclic ring, has been shown to not only act as a linker unit, but also as a functional unit. 
This is due, firstly, to its hydrogen-bond-accepting and -donating properties and, secondly, to 
the presence of the lone pairs of electrons on the nitrogen atoms, which allow metal–nitrogen 
coordination.[18] The close proximity of the triazole units to the dihedral axis between the 
naphthyl moieties, should, in the case of a binding event, result in observable changes in the 
optical properties of the polymers.[19] This could transform these structures into valuable 
systems for the detection, through chiroptical and fluorescence techniques, of metal ions and/or 
changes in the pH of the environment.  
In addition to the chiral BINap units, the fluorene moiety was chosen as the second 
monomeric unit due to its excellent photoluminescent properties (i.e., sharp fluorescence signal 
and high quantum yields). Fluorenes can be readily functionalised; therefore, the monomers 
were equipped with azide or acetylene groups to complement the functional groups on the 
BINap moieties.[20] Using the CuAAC and Sonogashira reactions, polymers P1–P5 were 
synthesised (Figure 2.2). In this polymer library, the orientation of the triazole linker with 
respect to the chiral BINap group and the density of the BINap groups in the polymer were 
varied. As a result, polymers possessing a regioisomeric triazole linkage with varying numbers of 
chiral units in polymeric backbone (P1–P4) and a reference acetylene moiety linker (P5) were 
prepared. Click polymers with the triazole-sensing unit next to a chiral centre have not 
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previously been described. Here the sensory properties of the copolymers towards metal ions 
and pH changes are reported. Their optical response was studied by UV–vis, CD and 
fluorescence spectroscopies. 
 
Figure 2.2  Polymers P1–P5 . 
2.2  Results  and discussion 
2.2.1  Synthesis  of  monomers 
The C2-symmetric optically active BINap starting compound for the preparation of the 
enantiomerically pure monomers was (R)-2,2´-diamino-1,1´-binaphthyl ((R)-DABN, Scheme 
2.1). 
 
Scheme 2.1  Synthesis of binaphthyl monomers (R)-1 and (R)-2. 
The ethynyl-functionalised compound (R)-1 was obtained by diazotization of (R)-
DABN to afford (R)-DIBN, which was subsequently coupled with (trimethylsilyl)acetylene 
(TMSA) under Negishi cross-coupling conditions.[21] After removal of the silyl group, (R)-2,2´-
diethynyl-1,1´-binaphthyl ((R)-1) was isolated. The corresponding bisazide (R)-2 was 
synthesised by means of a diazotization reaction. No change in the enantiomeric purity of the 
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compounds during the course of either procedure was observed, according to enantioselective 
HPLC measurements. 
The fluorene monomeric units were prepared from 2,7-dibromo-9,9-didodecyl-9H-
fluorene (3, Scheme 2.2).[20] The azides were introduced into the positions 2 and 7, using an 
azido-transfer reagent, to yield 4. The acetylene groups were coupled to the same positions 
under Sonogashira cross-coupling conditions, providing, after deprotection, the acetylene-
functionalised fluorene 5.  
 
Scheme 2.2  Synthesis of fluorene monomers 4 and 5. 
2.2.2  Synthesis  of  polymers 
A series of chiral polymers were prepared from the binaphthyl derivatives (R)-1 and 
(R)-2 and fluorene derivatives 4 and 5 by using the CuAAC. The resulting polymers P1 and 
P2 (Scheme 2.3) are copolymers, formed from the chiral binaphthyl and fluorene monomers, 
but differing in the regio-orientation of the triazole ring with respect to the other groups. The 
polymerisation reaction was carried out in the presence of Cu(I) ions, using PMDTA as a ligand, 
at elevated temperature under an argon atmosphere. 
 
Scheme 2.3  Synthesis of P1 and P2 using CuAAC reaction. PMDTA=N,N,N′,N′,N′′-
pentamethyldiethylenetriamine. 
To purify the polymers, the reaction mixtures were precipitated in methanol. In the IR 
spectra of the resulting polymers, the monomeric ≡C–H stretching vibrations at 3293 cm–1, 
the C≡C vibration at 2231 cm–1 and the N3 vibration at 2017 cm–1 were not visible in any of 
the polymers. 1H NMR spectroscopy also showed the disappearance of the signal attributed to 
the terminal alkyne groups. Gel permeation chromatography (GPC) analysis (in THF against a 
polystyrene standard) indicated that, after the washing procedure, no low molar mass material 
was left in the samples (see Table 2.1).  
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In addition to the alternating AB polymers P1 and P2, the proportion of chiral 
monomer units in the polymers was reduced by the statistical polymerisation of (R)-2 with the 
azide-functionalised fluorene 4 and acetylene-functionalised fluorene 5 under the same CuAAC 
reaction conditions, yielding polymers P3 and P4 (see Table 2.1). These random polymers 
showed higher polydispersities due to the different reactivities of the monomers with the azido 
group. 1H NMR spectroscopy showed that the BINap monomer (R)-2 was more reactive than 
4, resulting in an abundance of the binaphthyl moiety in the resulting polymer relative to the 
feed ratio. 
As a reference material, a binaphthyl-based conjugated polymer without the triazole 
linker was prepared. Sonogashira coupling conditions were used for the polymerisation of (R)-
1 and 3 to yield polymer P5 (Scheme 2.4). The polymerisation of (R)-DIBN with 
ethynylated fluorene 5 yielded a complicated reaction mixture of products due to the preferred 
formation of undesired products of tandem reactions.[22,23] The formation of polymers was 
ascertained using the same characterisation techniques as those used for the CuAAC reaction 
polymers; GPC analysis showed the formation of polymers of moderate molecular weights 
(Table 2.1). 
 
Scheme 2.4  Preparation of P5 using the Sonogashira reaction. 
All resulting polymers were obtained as air-stable solids and showed good solubility in 
common solvents, such as THF, toluene, dimethylformamide, dichloromethane and 
chloroform. This can be attributed to the non-planar BINap monomers in the main-chain 
backbone and the flexible dodecyl groups on the fluorene monomers. 
T a b l e  2 . 1  Polymerisation results  and characteristics  
Polymer 
(R)-1/4/(R)-2/5/3 
[equiv] 
Mw[a] [kD] Mn[a] [kD] PDI[a] Yield [%] 
P1 1:1:0:0:0 15.0 9.1 1.64 80 
P2 0:0:1:1:0 179.5 108.0 1.64 81 
P3 0:1:2:3:0 44.6 22.1 2.01 90 
P4 0:2:1:3:0 32.1 14.5 2.21 85 
P5 1:0:0:0:1 3.9 2.9 1.35 79 
[a] Determined by GPC. 
2.2.3  Optical  properties  
The photophysical properties of P1–P5 were studied by absorption and emission 
spectroscopies and the results are summarised in Table 2.2 and shown in Figure 2.3. Previous 
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studies of the photophysical properties of triazole-derived multi-chromophoric oligomers[24] and 
polymers[20, 25] revealed that the optical properties were independent of molecular weight; this 
indicates that there is poor communication between the chromophoric units. The same 
behaviour was observed for polymers P1–P5, which display absorption spectra as a 
superposition of the absorption spectra of their corresponding monomeric units. In addition to 
triazole rings, the nonplanar BINap moiety also acts as a conjugation barrier.[26] In the case of 
P2, a bigger redshift of the absorption maximum is observed relative to that of P1 because 
conjugation of the fluorene unit is effectively extended by two double bonds. There is a small 
redshift in the absorption maxima of the polymers, upon going from P2 to P3 and P4; this 
indicates an increase in the effective conjugation length as the number of binaphthyl units 
decreases. Polymer P5 has a redshifted absorption, which suggests favourable naphthyl–fluorene 
conjugation through the alkyne linker.  
T a b l e  2 . 2  Optical properties of chiral repeating units and polymers 
Compound 
UV–vis (λabs) 
[nm] 
PL (λem) 
[nm] 
Φ 
(R)-1 291 406 – 
(R)-2 291 412 – 
P1 328 402 0.18 
P2 345 400,421 0.36 
P3 344 401,422 0.37 
P4 350 401,422 0.32 
P5 364 397 0.31 
 
The fluorescence spectra of P2–P5 (Table 2.2, Figure 2.3b) exhibit a double-band 
fluorescence dominated by the fluorene units that contain characteristic bands between 400 and 
420 nm, often accompanied by shoulders at 370–400 nm. Despite the fact that the conjugation 
is compromised of the binaphthyl unit, the emission maxima of P1–P5 are redshifted 
compared with polymers containing only fluorene and triazole units (see Chapter 3).[20]  
 
Figure 2.3  a) UV–vis spectra of chiral repeating units and polymers, c = 10–5 M 
(CH2Cl2, with respect to monomeric unit). b) Normalised fluorescence 
spectra of chiral repeating units and polymers (CH2Cl2); for better 
visibility, the respective spectra are offset. 
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The observed shift could be explained by the interactions between the fluorene 
chromophores (such as excimer formation), which could be enabled by the fact that the BINap-
containing polymers could adopt multiple conformations in solution.[27] 
2.2.4  Chiroptical  properties  
The specific rotation, [α]D, values of the chiral monomers (R)-1 and (R)-2 are +27.7 
and +77.4°, respectively. Polymers P1–P5 have negative and larger [α]D values than those of 
the corresponding monomers, falling in the range of −58.8 to −423.2°. This may be indicative 
of a chiral main-chain conformation of the polymer.[8a] Polymer P5, however, exhibits a higher 
[α]D when compared with the triazole-containing counterparts P1–P4 (Table 2.3); this can 
most likely be attributed to the higher rigidity of the alkyne bond when compared with the 
triazole linker. 
The CD signals of (R)-1 and (R)-2 in dichloromethane showed almost the same λabs 
and ellipticity ( θ) values with short wavelengths of 288 and 289 nm, respectively, 
corresponding to an 1La transition due to the axially chiral binaphthyl units.[28] The polymers 
exhibited intense CD signals with positive amplitudes at short wavelengths (299–328 nm) 
caused by axial chirality of the binaphthyl units. Of much more interest are the strong negative 
CD values observed at 345–390 nm (Table 2.3, Figure 2.4). These exciton couplings are the 
result of chirality transfer from the BINap units to the backbone, which has adopted a tilted, 
and thus, chiral, conformation. Similar bisignated dichroic spectra due to chirality-transfer 
phenomena have been observed in other oligomers bearing fluorenes substituents at positions 6 
and 6´ of the binaphthyl moiety.[29] The positive Cotton effect at 280–350 nm in the CD 
spectra of P1–P5 is in agreement with the configuration of the chiral BINap unit implemented 
in the polymer backbone.[28]  
T a b l e  2 . 3  CD spectral data of the chiral repeating units and polymers 
Compound [θ] × 105 (CDmax [nm])[a] [α]D[a] [α]D[b] [α]D[c] 
(R)-1 −5.35 (251); +1.05 (288); −0.26 (308) +27.7° − − 
(R)-2 −2.04(261); +1.02 (289); −0.10 (307) +77.4° − − 
P1 
+0.47 (237); −1.00 (255); +1.32 (299); 
−1.51 (345) 
−186.4° −207.1° −236.6° 
P2 −1.50 (245); +1.27 (303); −2.37 (349) −330.5° −371.9° −380.6° 
P3 −1.02 (246); +0.88 (299); −1.29 (353) −144.2° −116.2° −46.5° 
P4 −0.50 (246); +0.54 (328); −0.80 (360) −58.8° −21.0° −21.0° 
P5 −0.47 (262); +1.49 (321); −2.56 (368) −423.2° –[d] −429.4° 
(R)-6 −3.48 (245); +5.44 (327); −6.37 (354) −22.9° +24.5° −24.5° 
[a] Measured in CH2Cl2, at 25 °C. [b] Measured in 10% trifluoroacetic acid (TFA; CH2Cl2, v/v). 
[c] Measured in CH2Cl2 with 2 equiv of silver triflate (AgOTf; per monomeric unit). [d] The 
solution turned dark green upon the addition of TFA. 
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Figure 2.4  CD spectra of chiral monomers and polymers at 25 °C, c = 10–5 M 
(CH2Cl2, with respect to monomeric unit). 
To determine whether the prepared polymers adopted a helical-like structure or formed 
a more random zigzag chain, a reference monomer ((R)-6, Figure 2.5), consisting of one chiral 
binaphthyl unit and two fluorene units attached in the 2 and 2´ positions by triazole linkers, 
was investigated (for synthetic details, see the Experimental Section). A report by Pu suggested 
that if there were only minor differences between the CD spectra of the isolated monomeric 
units ((R)-6) and the polymers (P2–P4), then each of the monomeric units in the polymer 
acted independently, without the contribution from an ordered helical-like structure.[8a]  
 
Figure 2.5  a) CD spectra of (R ) -6  and its polymeric analogues P2–P4  
at 25 °C, c = 10–5 M (with respect to monomeric unit). b) Structure of 
(R ) -6 . 
From the CD spectra in Figure 2.5, it can be seen that, with respect to the chiral 
polymers, both the 1Bb and 1La bands of (R)-6 are stronger than those of the corresponding 
polymers P2–P4. The chiral polymers do not exhibit significant redshifts for the 1Bb and 1La 
bands compared with (R)-6. The relatively redshifted CD maxima, positioned somewhere 
between the maxima of P2 and P3, were most likely caused by higher saturation with fluorene 
moieties in (R)-6 than in the polymeric counterpart P2.[30] These observations, together with 
the similar overall shape of the CD bands, point to the polymers adopting a zigzag main-chain 
configuration. 
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2.2.5  Responsive s ignal  changes of the polymers towards metal  ions 
There are a number of known metal-ion-sensing polymers, many of them containing 
nitrogen atoms at the sensory site.[12m, 31] Polymers P1–P4 were designed in such a way that the 
1,2,3-triazole-1,4-diyl unit connected the chiral (binaphthyl) and highly fluorescent (fluorene) 
parts of the polymer. The proximity to both units, as well as the presence of lone electron pairs 
on the nitrogen atoms that can coordinate metal ions, makes the triazole unit a very useful 
receptor.[6] Therefore, the effects of the molecular recognition sites in the optically active 
polybinaphthyl-based conjugated polymers P1–P5 on metal-ion sensing were investigated. A 
series of spectroscopic measurements were conducted with each of the polymers P1–P5 and the 
reference monomer (R)-6 in the presence of Ag+ ions. These ions were chosen for their ability 
to form coordination complexes of versatile geometries. The reversible nature of Ag+ 
coordination allows for self-correction and therefore leads to the thermodynamically most 
favoured products.[32] The nature of the silver–nitrogen interaction is dominated by the 
donation of the nitrogen lone pair to the Ag+ cation, and its energy is estimated to be at the level 
of a strong hydrogen bond.[33] 
To study the coordination of the Ag+ ion to the triazole nitrogen atoms, and to see the 
influence of this process on the overall geometry of the polymers studied, simple modelling 
studies were conducted. Geometries were optimised using the Gaussian 09 program. All 
geometries and frequencies (no scaling) were pre-optimised using the PM6 method, followed by 
DFT calculations using B3LYP/LANL2DZ basis set. To simplify the modelling process, the 
calculations were conducted on model compounds based on (R)-6, in which the fluorene units 
were substituted by phenyl units (Figure 2.6). 
 
Figure 2.6  Structures of model compounds (R ,S ) -7  and (R ,S ) -8  used for 
molecular modelling. 
The calculated conformations show (Figure 2.7) that there is a significant change in the 
dihedral angle of the binaphthyl moiety upon complexation of a Ag+ ion. Upon coordination of 
the metal ion, the dihedral angle of (R,S)-7 changes from 98 to 112°; in the case of (R,S)-8, 
the angle changes from 101 to 111°. A more pronounced change was observed in the 
orientation of triazole units versus the naphthyl moieties, which, upon Ag+ coordination, were 
nearly perpendicular to the naphthyl units. Although triazoles are known to favour coordination 
through the N3 lone electron pairs,[34] which is the case in (R,S)-7 (the molecular modelling 
analogue of P1), the modelling studies show that coordination of the Ag+ ion through the lone 
electron pair of the N2 nitrogen is more energetically favourable (approximately 6 kcal/mol), as 
seen in the case of (R,S)-8 (the molecular modelling analogue of P2–P4).  
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Ag[7] Ag[8] 
Figure 2.7  Results from molecular modelling calculations. Top: free binding sites of 
(R ,S ) -7 , (R ,S ) -8  (nitrogen atoms in blue). Bottom: upon coordination 
with Ag+ ions (in red). 
Similar behaviour was also described in the literature, in which N2 coordination was 
preferred due to the more favourable geometry of the resulting complexes.[35] 
Encouraged by results from the computational studies, UV–vis titration studies were 
conducted. In Figure 2.8, the absorption spectra of solutions of the polymers and polymer 
solutions upon the addition of two equivalents of Ag+ are displayed, together with the titration 
curves of the absorption maximum of each polymer. 
 
Figure 2.8  a) UV–vis of polymers P1–P5  and reference compound (R ) -6  (c = 10–5 
M, CH2Cl2, with respect to monomeric unit) before (solid line) and after 
(dashed line) the addition of 2 equiv of AgOTf (per monomeric unit). b) 
Normalised decrease of absorption intensity, recorded at the respective 
λabs values of untreated polymers. 
Even a small addition of Ag+ ions triggers a measurable response in the polymers, as seen from 
the changes in the absorption spectra in Figure 2.8. Polymer P5, which does not contain the 
triazole spacers, gives no response towards Ag+ ions; there is also almost no observable change in 
the case of (R)-6. The observed change in the absorbance of P1–P4 effectively stops once two 
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equivalents of Ag+ have been added to the solutions of each polymer. At this point, the 
absorption maxima of P1–P4 showed hypsochromic shifts of 10, 5, 13 and 15 nm, respectively. 
Very similar behaviour can be observed in the CD spectra of the polymers (Figure 2.9). 
The CD bands at 340–370 nm, which originate from the extended conjugated structure 
between the chiral and fluorescent parts of monomeric units, decrease in CD intensity upon the 
addition of Ag+ ions. In addition, as the concentration of Ag+ was gradually increased, new 
bands at shorter wavelengths appeared and gradually increased, reaching a plateau after two 
equivalents of Ag+ had been added. The corresponding hypsochromic shifts of these new bands 
for P1–P4, were 17, 16, 9 and 10 nm, respectively. The positive CD bands at around 300 nm 
showed similar behaviour. In the case of P1, this band showed a shift of 5 nm and a decrease in 
intensity. For P2–P4, these bands became narrower, more intense and blueshifted by 5–6 nm. 
 
Figure 2.9  a) CD spectra of polymers P1–P5  and reference compound (R ) -6  (c = 
10–5 M, CH2Cl2, with respect to monomeric unit) before (solid line) and 
after (dashed line) the addition of 2 equiv of AgOTf. b) Normalised 
decrease of CD intensity, recorded at the respective CDmax values. 
None of these changes were observed when P5 was treated under the same conditions 
and, in the case of (R)-6, only a small decrease in the intensities of the UV–vis and CD bands 
was observed. It is noteworthy that, for both the UV–vis and CD spectra, the apparent changes 
stop when two equivalents of Ag+ ions are added to the polymer solutions. Job plots were used 
to determine the exact stoichiometric ratio between each monomeric unit of polymers P1–P4 
and the Ag+ ions. An example of the resulting titration curve for P2 together with the Job plots 
are depicted in Figure 2.10. 
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Figure 2.10  a) UV–vis titration of P2  with AgOTf (c = 10–5 M, CH2Cl2, with 
respect to monomeric unit). b) Job plots at absorption maximum of the 
respective polymers P1–P4 . 
The results obtained from the Job plots suggest that all of the polymers form a 1:1 
complex with Ag+ (with respect to the monomeric unit). Because each monomeric unit contains 
two triazole rings, this indicates that one Ag+ ion is coordinated to two triazole units to form a 
bivalent Ag+ complex. It can therefore be concluded that the BINap/fluorene ratio does not 
influence the stoichiometry of the complex, which is dictated by the triazole/silver ratio in all 
cases. This implies that all triazoles take part in metal complexation, not only those directly 
attached to BINap. Because the reference compound (R)-6 displays no significant changes 
upon addition of Ag+ compared to those of the polymers, it is likely that other factors 
contribute to the observed changes in addition to the changes to the dihedral angle of BINap. 
These could include breaking of the interchromophoric interactions alluded to earlier (Section 
2.2.3) because of conformational changes induced by Ag+ conformation and/or other electronic 
effects. Formation of the bistriazole–Ag+ complex can occur within one polymer strand, 
between two strands, or both. 
To determine whether the counter anions played any role in coordination, the triflate, 
which could act as a auxiliary ligand, was exchanged for PF6–, which normally remained 
uncoordinated.[32a] Under these conditions, no alterations were observed in the metal-induced 
changes. 
To further examine the chelating ability of triazoles, the fluorescence quenching 
behaviour of P1–P5 and (R)-6 with various molar ratios of Ag+ ions was investigated (Figure 
2.11). 
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Figure 2.11  a) Fluorescence spectra of polymers P1–P5  and reference compound 
(R ) -6  before (solid line) and after (dashed line) the addition of 10 
equiv of AgOTf, (c = 5 × 10–6 M for P1 , c = 10–7 M for P2–P5  and 
(R ) -6 , CH2Cl2, with respect to monomeric unit). b) Normalised 
decrease of fluorescence intensity, recorded at the respective λem values. 
The fluorescence spectra of the polymers show a decrease in fluorescence intensity, 
which flattens when approximately 10 equivalents of Ag+ are added to the solution. To 
determine the quenching process of the Ag+ ion, Stern–Volmer plots were made,[36] in which 
relative quenching intensities (I0/I) were related to the total quencher concentration [Q] (Eq. 
2.1, Figure 2.12).  
 I0/I = 1 + KS[Q] (2.1) 
In the case of a static quenching process, when plotting I0/I versus [Ag], a linear 
dependency should be seen; the slope of this plotted line is equal to KS, the static quenching 
constant.[37]  
 
Figure 2.12  a) Stern–Volmer plots for P1–P5  and (R ) -6  (0–50 equiv of Ag+, in 
CH2Cl2). b) Linear part of the Stern–Volmer plots (0–4 equiv of Ag+). 
The static quenching process, represented by linear Stern–Volmer plots, results from 
complexation of the analyte to the receptor sites, creating an enhanced energy-transfer process. 
It is also usually accompanied by changes in the absorption spectra,[38] which were, as shown in 
Figure 2.8, observed for all of the triazole-containing polymers. If positive curvatures are 
observed in the plots, these are ascribed to systems that also involve dynamic quenching with 
fluorophores, which do not engage in molecular associations with the quencher molecules.[39] 
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Negative curvatures, on the other hand, are observed if not all of the binding sites are equally 
accessible to the quencher. 
Negative curvatures were observed for P1–P4 when a large excess of Ag+ was used. 
When using low concentrations of Ag+, however, fluorescence quenching showed a linear 
dependence on the quencher concentrations (Figure 2.12b); therefore, a linear Stern–Volmer 
plot could be obtained (Table 2.4). 
This behaviour in the Stern–Volmer plots suggests static quenching behaviour at low 
Ag+ concentrations, which could be caused by an intramolecular photoinduced electron transfer 
between the polymer backbone and the binding metal ion.[39a, 40] The presence of static 
quenching behaviour is also supported by observable changes in the absorption spectra of the 
polymers.[39d] As the coordination sites on the triazole units became fully coordinated with Ag+ 
ions, the quenching process changed, decreasing in intensity. Polymer P1 has the smallest KS 
value, which was approximately 1/10 of the KS values obtained for the other polymers studied. 
It should be noted, however, that the quenching behaviour of P1 was studied at 50-fold higher 
concentrations than for P2–P5 (for P1: c = 5 × 10–6 M, for P2–P5: c = 10–7 M), and therefore, 
the concentration of quencher required was proportionally larger. The KS values for P3 and P4, 
which have an increased fluorene/binaphthyl ratio when compared with P2, were larger than 
that for P2, making them more sensitive to the presence of Ag+ ions, possibly as a result of 
higher fluorene saturation. Polymer P5, not containing triazole linkers, did not show any 
response towards the presence of metal ions. The monomeric reference unit, (R)-6, showed a 
KS value an order of magnitude smaller, suggesting that the quenching process was amplified by 
the polymeric backbone.  
T a b l e  2 . 4  KS and KA values of P 1 – P 5  and ( R ) - 6  
 Compound 
 P1 P2 P3 P4 P5 (R)-6 
KS × 105 [M –1] 0.38 4.39 5.14 6.28 – 0.52 
KA × 105 [M –1][a] 41.7 ± 3.3 8.1 ± 3.5 6.2 ± 2.0 6.6 ± 1.6 – –[b] 
[a] The KA values were calculated from the fluorescence emission data using the program DynaFit4, based 
on a 1:1 complexation model. [b] Data could not be fitted reliably to the 1:1 binding model. 
As suggested above, at low concentrations, the quenching process is most likely 
attributed to static quenching, deviating from linearity at higher Ag+ concentrations. If only 
static quenching were present, the KS value would be equal to the association constant.[41] Also 
taking into account the values obtained when using a large excess of Ag+ ions, association 
constants for P1–P4  and (R)-6 were determined, and are summarised in Table 2.4. Polymers 
with the same orientation of the triazole linker (P2–P4) have very similar association constants, 
which are very close to the KS values and support the existence of a static quenching process. On 
the other hand, polymer P1, with the triazole linker in the opposite orientation (with respect to 
fluorene units), has an association constant approximately six times greater in value, which 
might be a result of better accessibility to the coordination site.  
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In addition to the measurements conducted with Ag+ ions, preliminary measurements 
with different transition-metal ions were undertaken. In these measurements, polymers P1 and 
P2, each one being a representative of different triazole orientations in the polymer backbone, 
were exposed to Cu2+, Fe3+, Ir+ and Zn2+ ions (Figure 2.13), resulting in different responses from 
the polymers.  
 
Figure 2.13  UV–vis (a,b), CD (c,d) and fluorescence (e,f; normalised with respect to 
the λem values of pure compounds) spectra of P1  and P2  before (black 
line) and after the addition of 4 equivalents of solutions of various metal 
ions (colour lines). For UV–vis and CD, c = 10–5 M, in CH2Cl2, with 
respect to the monomeric unit; for fluorescence spectroscopy, c = 5 × 10–6 
M for P1  and c = 10–7 M for P2–P5  and (R ) -6 , in CH2Cl2, with 
respect to the monomeric unit. 
In the absorption and CD spectra, the polymers were most sensitive towards the 
presence of Zn2+ and Fe3+; the presence of Fe3+ ions caused a redshift in the absorption 
maximum of P2. Fe3+ showed fluorescence quenching comparable to that of Ag+, whereas Zn2+ 
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showed obvious fluorescence quenching in the case of P2 and an increase in fluorescence 
intensity of P1. Ir+ did not show any changes when added to P2; however, strong fluorescence 
quenching of P1 was observed. No changes were observed when Cu2+ was added to the polymer 
solutions. The different effects of metal ions arise from their different electronic structures. 
Metal ions with an open-shell electronic structure tend to form a strong metal–ligand orbital 
interaction (Fe3+, Cu2+, Ir+). From this group of metal ions, Fe3+ showed the greatest influence 
on the spectra of the ligand. On the other hand, silver, which belongs to the closed-shell metal 
group, should generally show less interaction with the ligands, but it causes excellent quenching. 
This behaviour shows that the response may be associated not only with the metal’s electronic 
structure, but also with the ion’s size, the coordinating ability with the triazole unit and their 
redox properties.[31a] In addition to the different properties of the metal ions used, it is also clear 
that the reverse orientation of the triazole rings results in different sensitivity towards the 
addition of the used metal ions; however, further studies will need to be conducted in this area. 
2.2.6  The pH-induced responsive s ignal  changes of the polymers 
In addition to metal-binding studies, the influence of pH on the optical properties of a 
solution of the prepared polymers was studied. There are known pH–responsive polymers[25, 42] 
and hydrogels[43] based on aromatic heterocycles (e.g., imidazole, histidine and pyridine). In 
P1–P4, the triazole spacer unit can act not only as a lone-pair donor for metal coordination, 
but also as a H+ acceptor to form the triazolium ring in the presence of strong acids. 
Protonation of the triazole ring was performed using TFA to generate the protonated forms of 
P1–P4 (shown in Figure 2.14 for P1–P2). 
  
Figure 2.14  P1  and P2  and their protonated forms. 
As in the case of the titration studies with metal ions, the UV–vis, CD and fluorescence 
spectra showed changes in the signals of the polymers upon the addition of TFA. The changes 
were, however, much smaller. In the UV–vis spectra of the polymers (Figure 2.14), no changes 
were observed when equimolar amounts of TFA were added. A decrease in the intensity of the 
absorption spectra of H+P1–P4 was observed when a larger amount of TFA (usually >500 
equiv, relative to the monomeric unit) was added. When 5000 molar equivalents of TFA were 
added,[44] a hypsochromic shift of approximately 2 nm was observed in all cases, together with a 
slight decrease in absorbance intensity (2–10%). In the CD and fluorescence spectra, polymers 
P2–P4, with the same orientation of binaphthyl unit, showed a moderate response towards 
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acid addition. The response decreased with decreasing binaphthyl saturation in the polymers 
upon going from P2 to P4. The CD spectra showed a 2 nm hypsochromic shift and the 
decreases in intensities for P2–P4 were 38, 16 and 21%, respectively. In contrast to the small 
changes in the UV–vis spectra, the intensity of the CD and emission signals of H+P1 decreased 
much more than that of H+P2–P4; 50% in the case of the CD spectrum and 56% in emission 
intensity. It can be assumed that the polymers are conformationally unrestricted in the ground 
state and all units are twisted with respect to each other. One explanation for the higher 
sensitivity of P1 can be that the protonated polymer chain in H+P1 has a different pitch due to 
the interchain repulsion of the positive charges caused by different orientations of the triazole 
rings, leading to a bigger decrease in the CD signal. Polymer P1 showed a redshift in the 
emission spectrum, which gradually increased as the 5000 molar equivalents of acid were added; 
no other polymer, even under these acidic conditions, showed any shift in its emission 
maximum. All of the pH-induced changes were fully reversible when Et3N (equimolar with 
respect to TFA) was added to the polymer solutions. Polymer P5, which did not contain any 
triazole linkers, did not show any response in the CD or UV–vis spectra towards increasing 
concentrations of TFA (Figure 2.15). Similar behaviour was observed for the fluorescence 
measurements (Figure 2.16). 
 
Figure 2.15  UV–vis (a) and CD (b) spectra of P1–P5  and (R ) -6  (solid line), and 
their protonated forms (dashed line) after the addition of 5000 equiv of 
TFA (c = 10–5 M, CH2Cl2, with respect to monomeric unit). Normalised 
decrease of absorption (c) and CD (d) intensities recorded at the 
respective λabs (CDmax) values. 
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Figure 2.16  a) Fluorescence spectra of polymers P1–P5  and reference compound 
(R ) -6  before (solid line) and after (dashed line) the addition of 5000 
equiv of TFA (c = 5 × 10–6 M for P1 , c = 10–7 M for P2–P5  and (R ) -6 , 
in CH2Cl2, with respect to the monomeric unit). b) Normalised decrease 
of fluorescence intensity recorded at the respective λem values. 
To obtain the KS values of the polymers, the quenching efficiency of TFA was plotted 
against its total concentration (Figure 2.17). 
 
Figure 2.17  Stern–Volmer plots for P1–P5  and (R ) -6  in the presence of TFA. 
In Figure 2.17, a linear dependence of I0/I versus the concentration of TFA is seen. The 
KS values obtained from the plots for P1–P4 are summarised in Table 2.5. KS values for P5 
and (R)-6 were not possible to be determined from the Stern–Volmer plots. 
T a b l e  2 . 5  KS and KA values of P 1 – P 4  
 Polymer 
 P1 P2 P3 P4 
KS × 102 [M –1] 0.54 3.71 3.63 3.68 
KA × 103 [M –1][a] 12.9 ± 2.1 3.7 ± 1.7 0.6 ± 0.2 2.5 ± 0.3 
[a] The KA values were calculated from the fluorescence emission data using the program DynaFit4. 
The KS values obtained by the addition of TFA are orders of magnitude smaller than 
those obtained in the case of fluorescence quenching by the metal ions, showing that the 
protonation of triazole rings has a much lower quenching efficiency than the coordination of 
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metal ions. Similarly, the association constants were found to be approximately 100 times lower 
than those for Ag+ ions. 
In comparison with the polymers, the reference monomeric compound (R)-6 showed 
only very small differences in its UV–vis and fluorescence spectra upon treatment with TFA, 
and a gradual decrease in the CD intensity that was approximately 1/5 of that observed for the 
corresponding polymer P2. These observations suggest that the pH-induced changes are 
amplified in the case of the polymeric compounds, but further studies are needed to understand 
this process. 
The results obtained herein are different from those reported previously by Bakbak et al., 
in which a triazole-containing achiral linear copolymer was prepared with alternating phenyl 
and fluorene moieties and the influence of an acidic environment on this polymer was 
studied.[25] Guided by quantum chemical calculations on a model compound (1,4-diphenyl-
1,2,3-triazole), they reported that protonation on the N3 of the triazole gave the most stable 
azaallylic imidazolinium type cation, which had a lower HOMO–LUMO gap and a more 
delocalised frontier molecular orbital (FMO) compared with the non-protonated triazole. 
Protonation at N3 had a positive effect on conjugation along the polymeric backbone, in 
agreement with optical measurements, in which a bathochromic shift of emission maxima of 
nearly 100 nm was observed. The amount of TFA needed to observe the described 
phenomenon, however, was not reported. 
Therefore, in addition to using up to 5000 molar equivalents of TFA, a set of 
measurements was conducted with 10–5 M (2:1, dichloromethane/TFA) solutions of all 
polymers and (R)-6. The UV–vis spectroscopic experiments of P1 showed a decrease in the 
absorption intensity, but λabs was not affected. Polymers P2–P4, which had opposite 
orientations of the triazole spacer to that of P1, exhibited an increase in their absorption 
intensities and a broadening of their spectra. Polymer P5, containing no triazole rings, showed 
a significant decrease in both the UV–vis and CD spectra and the sample was seen to precipitate 
during measurements. This was probably a result of the decomposition of the material in such 
strongly acidic conditions. The CD spectra of P1 and P2 in dichloromethane/TFA showed a 
decrease in intensity (43 and 50%) and bathochromic shifts of 2 and 5 nm, respectively, 
compared with the neutral conditions. Polymers P3 and P4 showed a similar, although smaller, 
CD response. The fluorescence spectra of all polymers showed a decrease in the fluorescence 
intensity by one order of magnitude, accompanied by significant broadening of the signal. The 
new fluorescence maxima for all polymers were approximately 450 nm; this represents a 50 nm 
bathochromic shift when compared with their neutral forms. This observation is in agreement 
with the work of Bakbak et al. (see previous page).[25] The smaller bathochromic shift in this 
case could be explained by the fact that conjugation of the protonated polymer was not 
extended through the BINap units. Polymer P5 showed almost a complete decrease in intensity 
and no λabs shift. Reference compound (R)-6 exhibited a bathochromic shift of the λabs 
emission comparable to those of P1–P4 (Figure 2.18). 
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Figure 2.18  Fluorescence spectra of polymers P1–P5  and reference compound (R ) -6  
in dichloromethane (solid line) and a mixture of TFA/dichloromethane 
(dashed line, c = 5 × 10–6 M for P1 , c = 10–7 M for P2–P5  and (R ) -6 , 
in CH2Cl2, with respect to the monomeric unit). 
It was concluded that protonation of the triazole unit in this type of polymer had a 
conjugation-enhancing effect, albeit to a smaller extent than that found for linear polymers.[25] 
The pH-induced changes of the polymeric solutions are smaller than those of metal-induced 
changes. The most obvious changes were observed in the fluorescence spectra when the 
polymers were exposed to a large excess of TFA, whereas no significant changes in absorption 
spectra were observed. CD spectra exhibited a decrease and a redshift of a few nanometres of the 
CD bands of the polymers, indicating that protonation of the triazole units induced a change in 
the dihedral angle in the binaphthyl moiety. Protonation of the triazole spacer also increases its 
electron-accepting abilities, resulting in a stronger donor(fluorene)–acceptor(triazole) system 
along the polymer backbone. The decrease in fluorescence intensity indicates that 
intramolecular charge transfer is taking place, which usually has a substantial effect on the 
fluorescence quantum yield. The bathochromic shifts, along with broadening of the signal, also 
support this conclusion. 
2.3  Conclusion 
Five chiral polymers differing in the linker type, linker orientation and monomeric ratio 
were prepared under CuAAC and Sonogashira coupling conditions in good yields. The CuAAC 
reaction allowed for the direct introduction of a triazole–recognition unit into the polymer 
backbone. The close proximity of the receptor to the chiral binaphthyl units played an 
important role in substrate recognition, as confirmed by quantum mechanical calculations. The 
results indicate that the prepared polymers most likely adopt a more random zigzag form, rather 
than an organised helical conformation. Spectroscopic studies showed an effective coordination 
of Ag+ ions and proton-accepting abilities of the triazole moieties of the polymers. The 
fluorescence quenching process, as a result of Ag+ ionic binding, is assumed to be static, as 
suggested by the obvious changes in the absorption spectra and the similarity in the KA and KS 
values. The fluorescence quenching was likely a result of photoinduced electron transfer 
between the polymer backbone and the metal coordinated to the triazole nitrogen atom. The 
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relatively high binding constants suggest that this binding process is very efficient. The pH 
titration studies showed a much smaller sensitivity towards H+, as evidenced by the order of 
magnitude smaller KS and KA values, accompanied by only minor changes in the absorption 
spectra. Fluorescence lifetime measurements will need to be conducted to confirm the exact 
quenching mechanism of both systems. Coordination and protonation studies of reference 
compounds, polymer P5 and monomer (R)-6, showed that the combination of the conjugated 
backbone together with the triazole moieties incorporated in P1–P4 were crucial for the 
observed changes. The results demonstrate that the incorporation of the triazole-1,4-diyl moiety 
into polymeric backbones can lead to a whole new class of chemosensors for the detection of 
metal ions and changes in pH. 
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2.5   Experimental  section 
General . All chemicals and solvents were purchased from commercial sources and used 
without further purification unless stated otherwise. Solvents were distilled prior to use: Et2O, 
THF, toluene (Na); CH2Cl2, N,N-diisopropylethylamine (DIPEA), dimethylaminoethanol 
(DMAE), Et3N, MeOH and pyridine (CaH2); Et2NH (CaCl2). All cross-coupling and CuAAC 
reactions were performed under an argon atmosphere using Schlenk techniques and 
deoxygenated solvents (three freeze–pump–thaw cycles, <0.4 mbar) unless stated otherwise. 
Silica gel (0.035–0.070 mm) from Acros or silica gel (0.063–0.200 mm) from J. T. Baker were 
used for column chromatography and silica 60 F254 coated glass plates from Merck were used 
for thin-layer chromatography (TLC). 
The FT-IR spectra were recorded on a ThermoMattson IR300 spectrophotometer 
equipped with a Harrick ATR unit. The UV–vis spectra were recorded on a Varian Cary 50 
spectrophotometer. CD measurements were carried out on a Jasco J-815 spectropolarimeter in 
10 mm thick quartz cell at 25 ˚C. Fluorescence spectra were recorded on a LS 55 Perkin Elmer 
Fluorescence spectrometer. The fluorescence quantum yield values were estimated by using the 
quinine sulfate solution (ca. 1.0 × 10–5 M) in 0.5 M H2SO4 ( Φ = 55%) as a standard. Specific 
ORs were measured on a Perkin-Elmer 241 polarimeter and are given in deg mL/g dm. The 1H 
and 13C NMR spectra were recorded on a Bruker DPX-200 instrument (operating at 200 and 
50 MHz, respectively), on a Bruker DMX-300 instrument (operating at 300 and 75 MHz, 
respectively) or on a Varian Inova 400 instrument (operating at 400 MHz (1H NMR)). All 
NMR spectra were recorded at 25 °C unless stated otherwise. Chemical shifts (δ) are reported in 
parts per million (ppm) relative to the residual solvent signal (1H and 13C NMR, respectively): 
acetone-d6 (δ = 2.05 and 29.8 ppm), C6D6 (δ = 7.16 and 128.1 ppm), CDCl3 (δ = 7.26 and 
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77.0 ppm), DMSO-d6 (δ = 2.50 and 39.5 ppm) and THF-d8 (δ = 3.58 and 67.2 ppm).[45] 
Multiplicities of the 1H NMR signals are assigned as follows: s (singlet), d (doublet), t (triplet), 
m (multiplet), b (broad) or as a combination (e.g., bd (broad doublet), dd (doublet of doublets), 
etc.). Coupling constants are reported as a J value in Hertz (Hz). The number of protons for a 
given resonance is indicated as nH and is based on spectral integration values. The resolution of 
the spectrum was increased, when necessary, by performing an exponential or TRAF 
apodisation of the FID by using the MestReNova software. A number of 13C NMR signals that 
overlapped within the resolution limits of the NMR technique (after apodisation) are indicated 
as nC overlapped. EIMS and HRMS (EI) measurements were performed on a Micromass 
VG7070E instrument. ESIMS measurements were performed on a Thermo Finnigan LCQ 
Advantage MAX instrument using MeOH or MeOH/THF (95/5) as the solvent. HRMS (ESI) 
measurements were performed on a JEOL AccuTOF-CS instrument using MeOH or 
MeOH/THF (95/5) as the solvent. GCMS measurements were performed on a Thermo 
Finnigan PolarisQ GS/MS instrument. MALDI-ToF MS measurements were performed on a 
Bruker BiFLEX III spectrometer operating in linear or reflectron mode. 1,8-Dihydroxy-9,10-
dihydroanthracen-9-one (dithranol), 2-[(4-hydroxyphenyl)diazenyl] benzoic acid (HABA) or 
2,2′:5′,2-tertiophene were used as matrices. Elemental analyses were determined with an Erba 
Science 1106 instrument. Chiral HPLC analysis was performed on a Chiralcel Daicel OD-H 
((R)-1) or Chiralcel Daicel AD-H ((R)-2) column, at 21 °C, flow 1 mL/min, λ = 280 nm 
using an Agilent 1100 diode array detector (UV–vis). The molecular weight of polymers was 
determined by size exclusion chromatography (SEC) in THF using a PSS (Mainz, Germany) 
column setup consisting of an 8 × 50 mm PSS SDV 5 µm guard column and three 8 × 300 mm 
PSS SDV 5 µm columns with pore sizes 100, 1000 and 100,000 Å placed in a column heater 
set to 40 °C. A flow rate of 1 mL/min and a loop of 200 µL were used. Toluene was used as an 
internal flow marker. The time traces were calibrated to polystyrene, using PSS polystyrene 
narrow distributed standards between 376 and 2 570 000 g/mol. PSS WinGPC®7 was used for 
data acquisition and evaluation. Waters system (degasser, 515 pump, column heater, DRI 410) 
and Rheodyne injector 7725i were applied as the hardware. Absorbance spectra were measured 
in a 10 mm thick quartz cell over wavelengths in the range of 300 and 700 nm using a 
Shimadzu 1650PC UV–vis spectrophotometer. 
(R)-2,2´-Diodo-1,1´-binaphthyl ((R)-DIBN) is known from the literature and was 
prepared following the described procedure.[46] 
General  Procedure 2.1 for the Sonogashira cross-coupling reactions. Aryl 
halide, CuI and palladium catalyst were placed in a Schlenk tube equipped with a stirrer and the 
system was evacuated and filled with argon three times. After the addition of the solvent and 
terminal alkyne, the resulting mixture was heated in a closed system under an argon atmosphere 
before it was quenched with aq. NH4Cl (1M). The crude product was extracted with CH2Cl2 
and the combined organic layers were dried over Na2SO4. After filtration, the solvents were 
evaporated and the residue was purified by column chromatography on silica gel to afford the 
pure product. 
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General  Procedure 2.2 for the CuAAC reactions. Azide, terminal alkyne and 
CuI were placed in a Schlenk tube equipped with a stirrer and the system was evacuated and 
filled with argon three times. After the addition of THF and PMDTA, the resulting mixture 
was stirred under an argon atmosphere before it was quenched with aq. NH4Cl (1M). The 
crude product was extracted with CH2Cl2 and the combined organic layers were dried over 
Na2SO4. After filtration, the solvents were evaporated and the residue was purified by column 
chromatography on silica gel to afford the pure product. 
General  Procedure 2.3 for deprotection of terminal a lkynes.  Protected 
terminal alkyne was placed in a flask equipped with a stirrer. After the addition of the solvent 
and the deprotection agent, the resulting mixture was stirred before being quenched with water. 
The crude product was extracted with CH2Cl2 and the combined organic layers were dried over 
Na2SO4. After filtration, the solvents were evaporated and the residue was purified by column 
chromatography on silica gel to afford the pure product. In the case of deprotection with 
NaOH, after the completion of the reaction, the organic layer was not washed with water, but 
directly evaporated, and the residue was purified by column chromatography on silica gel. 
The UV–vis and CD measurements were conducted in CH2Cl2 at 10–5 M concentration, 
with respect to the monomeric unit, and measured in a quartz cuvette (1 cm). The molecular 
weight of the monomeric unit was calculated for P1, P2 and P5 as the sum of molecular 
weights of the starting compounds. For P3 and P4, the molecular weight was calculated as the 
average molecular weight of one unit containing two triazole rings. The fluorescence 
measurements were conducted at 5 × 10–6 M for P1 and 10–7 M for the remaining compounds. 
A higher concentration was required for P1 because, at equivalent concentrations to P2–P5, 
the fluorescence intensity was not sufficient to obtain a reasonable spectrum. AgOTf was 
dissolved in THF to yield a 10–2 M stock solution, which was further diluted with CH2Cl2 and 
then added to solutions of polymers in molar ratios ranging from 0 to 10 equivalents (against 
the monomeric unit) for UV–vis and CD measurements and 0 to 50 equivalents for 
fluorescence measurements. TFA was dissolved in distilled CH2Cl2 to yield a 10–1 M stock 
solution, which was further diluted with CH2Cl2 to provide solutions of 10–2 and 10–3 M 
concentration. These were subsequently added to the solutions of polymers in molar ratios 
ranging from 0 to 5000 equivalents. Distilled Et3N was used for the preparation of a 10–2 M 
solution in CH2Cl2. 
2.5.1  Synthesis  of  functionalised monomers  
(R)-2,2 ′-Diethynyl-1,1 ′-binaphthyl ((R)-1).  nBuLi (2.8 mL, 1.6 M in hexanes) 
was added dropwise using a syringe to a solution of ethynyltrimethylsilane (0.85 
mL, 6 mmol) in THF (10 mL) at 0 °C. The solution was stirred under an Ar 
atmosphere for 30 min at 0 °C. Annealed ZnCl2 (0.85 mg, 6.23 mmol) was 
dissolved in THF (4.2 mL) and slowly added to the solution. The resulting 
reaction mixture was stirred for 30 min at 0 °C. The mixture was then added by means of a 
syringe to an oven-dried microwave (MW) reactor vessel containing a stirrer bar and capped 
Chiral sensors 
 63 
with a rubber septum, filled with (R)-DIBN (500 mg, 1 mmol), [Pd(PPh3)2Cl2] (35 mg, 0.05 
mmol) and PPh3 (26 mg, 0.10 mmol) in THF (10 mL) at RT. The MW reactor vessel was 
capped and irradiated in the initiator microwave oven at 120 °C for 10 min. After cooling to 
room temperature, the mixture was quenched with aq. HCl (10%, 15 mL) and extracted three 
times with CHCl3. The combined organic layers were washed with water and brine and dried 
over Na2SO4. The solvent was evaporated and flash chromatography on silica gel using 
pentane/CHCl3 (9/1) afforded pure protected 2,2′-diethynyl-1,1′-binaphthyl (0.36 g, 81%) as a 
yellowish oil. 1H NMR (300 MHz, CDCl3, ppm) δ 7.88 (d, J = 8.4 Hz, 2H, CArH), 7.86 (d, J 
= 8.1 Hz, 2H, CArH), 7.63 (d, J = 8.7 Hz, 2H, CArH), 7.46 (ddd, J = 4.4, 8.1, 8.7 Hz, 2H, 
CArH), 7.29 (m, 4H, CAr-H), −0.28 (s, 9H, Si-CH3). 
See General Procedure 2.3 (p. 62): Protected precursor (0.27 g, 0.6 mmol), fine 
powdered and dried K2CO3 (0.5 g, 3.6 mmol), MeOH/THF (10 mL, 1/1), room temperature, 
2 h. Column chromatography on silica gel using pentane/CHCl3 (9/1), afforded the pure 
product (165 mg, 91%) as a white solid. 1H NMR (300 MHz, CDCl3, ppm) δ 7.93 (d, J = 8.7 
Hz, 2H, CArH), 7.92 (d, J = 8.1 Hz, 2H, CArH), 7.73 (d, J = 8.7 Hz, 2H, CArH), 7.49 (ddd, J = 
8.1, 7.0, 1.2 Hz, 2H, CArH), 7.30 (ddd, J = 8.4, 7.0, 1.2 Hz, 2H, CArH), 7.14 (d, J = 8.2 Hz, 
2H, CArH), 2.79 (s, 2H, C≡CH). [α]D= +27.7° (c 0.60, chloroform), >98% ee (determined by 
HPLC). HPLC: eluent hexane/DME (99/1), k’: 2.74 (S)-1, 3.05 (R)-1. The NMR 
spectroscopic, HPLC and OR data were in agreement with literature values.[14b] 
(R)-2,2 ′-Diazido-1,1 ′-binaphthyl ((R)-2).  Concentrated H2SO4 (1.3 mL) was 
added to a cooled suspension (0 °C) of (R)-DABN (0.57 g, 2 mmol) in distilled 
H2O (2 mL) and the mixture was cooled to 0 °C in the dark. A cooled solution of 
aq. NaNO2 (0.3 g, 4.3 mmol, in 1.3 mL H2O) was slowly added. Upon 
completion of addition, the resulting mixture was stirred for 30 min. Cooled 
CH2Cl2 (10 mL) was added, followed by the addition of NaN3 (0.27 g, 4.2 mmol) in a small 
amount of H2O. The mixture was stirred for a further 30 min. Cooled H2O (10 mL) was added 
and the aqueous layer was extracted with CH2Cl2. The combined organic layers were washed 
with brine and dried over MgSO4. After filtration, the solvent was evaporated in vacuo. The 
brown residue was purified by column chromatography on silica gel in the dark using 
pentane/CH2Cl2 (2/1) and afforded the pure product (0.48 g, 71%) as an off-white solid. The 
product was stored in the freezer at –20 °C under an Ar atmosphere. 1H NMR (300 MHz, 
CDCl3, ppm) δ  8.05 (d, J = 8.7 Hz, 1H, CArH), 7.92 (d, J = 8.1 Hz, 1H, CArH), 7.50 (d, J = 
8.8 Hz, 1H, CArH), 7.43 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H, CArH), 7.30 (ddd, J = 8.3, 6.8, 1.3 Hz, 
1H, CArH), 7.06 (dd, J = 8.4, 0.9 Hz, 1H, CArH). 13C NMR (75 MHz, CDCl3, ppm) δ 135.7, 
132.8, 130.7, 130.6, 128.4, 127.6, 125.5, 124.9, 122.2, 117.9. IR (cm–1, KBr): 3050, 2017, 
1602, 1586, 1501, 1297, 813, 741. Anal calc for C20H12N6: C 71.42, H 3.60, N 24.99; found: 
C 72.45, H 4.18, N 25.59. HPLC: eluent hexane/isopropanol (95/5), kʹ: 10.54 (S)-2, 12.67 
(R)-2. [α]D = +77.4° (c 0.50, CH2Cl2). 
  
N3
N3
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 2,7-Diazido-9,9-didodecyl-9H -f luorene (4). nBuLi (20 mL, 1.6 M in hexanes) 
was added to a flask charged with a stirrer and dry THF (50 mL) at -78 °C 
under an Ar atmosphere. A solution of 2,7-dibromo-9,9-didodecyl-9H-
fluorene (3.2 g, 4.84 mmol) in THF (8 mL) was added dropwise and the 
resulting mixture stirred for 15 min at −78 °C. Tosyl azide (6.0 g, 30 mmol) dissolved in THF 
(6 mL) under an Ar atmosphere was then added dropwise. The reaction mixture was stirred for 
12 h before the dropwise addition of a saturated solution of NH4Cl (10 mL) and the resulting 
solution was warmed to RT. THF was removed at reduced pressure and the residue was 
extracted with Et2O (40 mL). The combined organic layers were washed with brine, dried over 
Na2SO4 and the solvents were evaporated. The residue was purified by column chromatography 
on silica gel using pentane to afford the product (1 g, 35%). The compound was further 
purified by recrystallisation from CHCl3/MeOH. MeOH was added to a solution of the 
compound in CH2Cl2 until the solution started to turn cloudy and was then left to precipitate 
overnight in freezer. This method provided pure product (0.85 g, 30%) as a yellow–orange 
solid. 1H NMR (300 MHz, CDCl3, ppm) δ 7.60 (dd, J = 8.1, 0.5 Hz, 2H, CArH), 6.99 (dd, J = 
8.1, 2.1 Hz, 2H, CArH), 6.94 (dd, J = 2.1, 0.5 Hz, 2H, CArH), 1.94–1.88 (m, 4H, CCH2), 
1.32–0.98 (m, 36H), 0.86 (t, J = 5.9 Hz, 6H, CH2CH3), 0.61–0.52 (m, 4H, CH2). The NMR 
spectroscopic data were in agreement with literature values.[20] 
4,4 ′-(9,9-Didodecyl-9H -f luorene-2,7-diyl)bis(2-methylbut-3-yn-2-ol) .  
See General Procedure 2.1 (p. 61): 2,7-Dibromo-9,9- didodecyl-
9H-fluorene (1.0 g, 1.5 mmol), [Pd(PPh3)4] (88 mg, 76 µmol), 
and CuI (15 mg, 76 µmol), Et3N/THF (2/1, 30 mL), 2-
methylbut-3-yn-2-ol (0.44 mL, 4.5 mmol), 60 °C, 20 h. Column chromatography on silica gel 
using pentane/ethyl acetate (4/1) afforded the pure product (0.88 g, 87%) as a yellowish solid. 
1H NMR (300 MHz, CDCl3, ppm) δ 7.59 (dd, J = 7.8, 0.7 Hz, 2H, CArH), 7.39 (dd, J = 7.8, 
1.5 Hz, 2H, CArH), 7.37 (dd, J = 1.4, 0.7 Hz, 2H, CArH), 2.11 (s, 2H, OH), 1.96–1.88 (m, 4H, 
CCH2), 1.66 (s, 12H, CCH3), 1.34–0.96 (m, 36H, CH2), 0.90–0.82 (m, 6H, CH2CH3), 0.60–
0.48 (m, 4H, CH2). 13C NMR (75 MHz, CDCl3, ppm) δ 150.9, 140.6, 130.7 (CH), 126.0 
(CH), 121.4, 119.8 (CH), 93.9, 83.0, 65.7, 55.1, 40.3 (CH2), 31.9 (CH2), 31.5 (CH3), 30.0 
(CH2), 29.58 (CH2), 29.56 (CH2), 29.5 (CH2), 29.31 (CH2), 29.28 (CH2), 23.7 (CH2), 22.6 
(CH2), 14.1 (CH3). IR (neat, cm–1) 3330 (O–H), 2980, 2920, 2850, 2228 (C≡C), 1887, 1774, 
1463, 1416, 1377, 1364, 1277, 1169, 966, 923, 888, 824, 724, 560. MALDI-ToF MS m/z 
calcd for C47H70O2: 666.54; found: 666.25. 
 9,9-Didodecyl-2,7-diethynyl-9H -f luorene (5). See General Procedure 2.3 (p. 
62): 4,4′-(9,9-Didodecyl-9H-fluorene-2,7-diyl)bis(2-methylbut-3-yn-2-
ol) (0.83 g, 1.2 mmol), NaOH (0.50 g, 12 mmol), toluene (50 mL), 
reflux, 40 h. Column chromatography on silica gel using pentane/ethyl 
acetate (95/5) afforded the pure product (0.64 g, 94%) as a yellow oil. 1H NMR (300 MHz, 
CDCl3, ppm) δ 7.64 (dd, J = 7.8 Hz, 0.6 Hz, 2H, CArH), 7.48 (dd, J = 7.8 Hz, 1.5 Hz, 2H, 
CArH), 7.46 (dd, J = 1.5 Hz, 0.6 Hz, 2H, CArH), 3.15 (s, 2H, CCH), 1.98–1.88 (m, 4H, 
C12H25C12H25OH HO
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CCH2), 1.34–0.96 (m, 36H, CH2), 0.91–0.82 (m, 6H, CH3), 0.62–0.48 (m, 4H, CH2). 13C 
NMR (75 MHz, CDCl3, ppm) δ 151.0, 141.0, 131.2 (CH), 126.5 (CH), 120.8, 119.9 (CH), 
84.5, 77.3 (CH), 55.2, 40.2 (CH2), 31.9 (CH2), 30.0 (CH2), 29.59 (CH2), 29.58 (CH2), 29.5 
(CH2), 29.3 (CH2), 29.2 (CH2), 23.7 (CH2), 22.7 (CH2), 14.1 (CH3). IR (neat, cm–1) 3309 
(CC–H), 2924, 2850, 2106 (C≡C), 1464, 889, 821, 611. MALDI-ToF MS m/z calcd for 
C41H58: 550.45; found: 550.47. 
4-(7-Bromo-9,9-didodecyl-9H -f luoren-2-yl)-2-methylbut-3-yn-2-ol.  See 
General Procedure 2.1 (p. 61): 2,7-Dibromo-9,9-didodecyl-9H-
fluorene (2.0 g, 3.0 mmol), [Pd(PPh3)4] (7 mg, 7 µmol), CuI (6 mg, 
30 µmol), Et3N/THF (1/1, 20 mL), 2-methylbut-3-yn-2-ol (0.30 mL, 
3 mmol), 55 °C, 12 h. Column chromatography on silica gel using pentane/ethyl acetate 
(increasing from 0 to 10%) afforded the pure product (0.66 g, 33%) as a yellowish solid. 1H 
NMR (300 MHz, CDCl3, ppm) δ 7.58 (dd, J = 7.8, 0.6 Hz, 1H, CArH), 7.52 (dd, J = 8.5, 1.3 
Hz, 1H, CArH), 7.46–7.42 (m, 2H, CArH), 7.39 (dd, J = 7.8, 1.5 Hz, 1H, CArH), 7.36 (dd, J = 
1.4, 0.7 Hz, 1H, CArH), 2.04 (s, 1H, OH), 1.96 – 1.85 (m, 4H, CCH2), 1.66 (s, 6H, CCH3), 
1.31 – 0.98 (m, 36H, CH2), 0.86 (t, J = 6.8 Hz, 6H, CH2CH3), 0.64 – 0.47 (m, 4H, CH2). 13C 
NMR (75 MHz, CDCl3, ppm) δ 153.2, 150.3, 140.3, 139.4, 130.8, 130.1, 126.2, 126.0, 
121.5, 121.4, 121.3, 119.6, 93.9, 82.9, 65.8, 55.4, 40.2, 31.9, 31.6, 31.0, 29.59, 29.56, 29.54, 
29.31, 29.26, 23.7, 22.7, 14.1. IR (neat, cm–1) 3339 (O–H), 2924, 2850, 2230 (C≡C), 1454, 
1165, 815. MALDI-ToF MS m/z calcd for C42H63BrO: 662.41; found: 662.60.  
4-{9,9-Didodecyl-7-[(tr i isopropyls i ly l)ethynyl]-9H -f luoren-2-yl}-2-
methylbut-3-yn-2-ol.  See General Procedure 2.1 (p. 61): 
4-(7-Bromo-9,9-didodecyl-9H-fluoren-2-yl)-2-methylbut-3-
yn-2-ol. (584 mg, 0.9 mmol), [Pd(PPh3)4] (51 mg, 43 µmol), 
CuI (17 mg, 88 µmol), Et3N/THF (1/1, 10 mL), (triisopropylsilyl)acetylene (0.24 mL, 1.1 
mmol), 55 °C, 12 h. Column chromatography on silica gel using pentane/CH2Cl2 (6/1) 
afforded the pure product (0.49 g, 73%) as a colourless oil. 1H NMR (300 MHz, CDCl3, ppm) 
δ 7.60 (d, J = 4.5 Hz, 1H, CArH), 7.58 (d, J = 4.6 Hz, 1H, CArH), 7.46 (dd, J = 7.9, 1.3 Hz, 
1H, CArH), 7.44–7.37 (m, 3H, CArH), 2.05 (s, 1H, OH), 1.97–1.93 (m, 4H, CCH2), 1.66 (s, 
6H, CCH3), 1.32 – 0.99 (m, 57H), 0.87 (t, J = 6.8 Hz, 6H, CH2CH3), 0.64 (m,4H, CH2). 13C 
NMR (75 MHz, CDCl3, ppm) δ 151.0, 150.9, 140.7, 140.6, 131.4, 130.7, 126.1, 126.0, 
122.2, 121.3, 119.8, 119.7, 108.1, 93.8, 90.6, 83.1, 65.8, 55.2, 40.2, 31.9, 31.6, 30.0, 29.59, 
29.55, 29.32, 29.28, 23.7, 22.7, 18.7, 14.1, 11.4. IR (neat, cm–1) 3339 (O–H), 2924, 2850, 
2150 (C≡C), 1463, 1161, 884, 824, 659.3. MALDI-ToF MS m/z calcd for C53H84OSi: 
764.63; found: 764.60. 
 [(9,9-didodecyl-7-ethynyl-9H-fluoren-2-yl)ethynyl]tr i isoprop-yls i lane.  
See General Procedure 2.3 (p. 62): 4-{9,9-Didodecyl-7-
[(triisopropylsilyl)ethynyl]-9H-fluoren-2-yl}-2-methylbut-3-yn-2-ol 
(0.44 g, 0.6 mmol), NaOH (0.23 g, 5.8 mmol), toluene (50 mL), 
Br
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reflux, 24 h. Column chromatography on silica gel using pentane/CH2Cl2 (95/5) afforded the 
pure product (0.64 g, 94%) as a yellow oil. 1H NMR (300 MHz, CDCl3, ppm) δ 7.62 (dd, J = 
6.9, 0.8 Hz, 1H, CArH), 7.60 (dd, J = 6.7, 0.6 Hz, 1H, CArH), 7.48 (dd, J = 3.6, 1.4 Hz, 1H, 
CArH), 7.47–7.44 (m, 2H, CArH), 7.40 (dd, J = 1.3, 0.6 Hz, 1H, CArH), 3.14 (s, 1H, CCH), 
2.02–1.85 (m, 4H, CCH2), 1.35–0.95 (m, 57H), 0.87 (t, J = 6.8 Hz, 6H, CH2CH3), 0.59–
0.50 (m, 4H, CH2). 13C NMR (75 MHz, CDCl3, ppm) δ 151.03, 150.98, 141.2, 140.5, 131.4, 
131.2, 126.5, 126.1, 122.4, 120.6, 119.9, 119.8, 108.0, 90.7, 84.61, 77.2, 55.2, 40.2, 31.9, 
29.9, 29.60, 29.59, 29.55, 29.54, 29.3, 29.2, 23.7, 22.7, 18.7, 14.1, 11.4. IR (neat, cm−1) 3312 
(CC–H), 2924, 2850, 2150 (C≡C), 1463, 897, 824, 685. MALDI-ToF MS m/z calcd for 
C41H58: 706.59; found: 706.61. 
2,2'-Bis(4-{9,9-didodecyl-7-[(tr i isopropyls i ly l)ethynyl]-9H -f luoren-2-
yl}-1H -1,2,3-tr iazol-1-yl)-1,1'-binaphthalene 
(R)-6.  See General Procedure 2.2 (p. 62): [(9,9-
Didodecyl-7-ethynyl-9H-fluoren-2-yl) ethynyl] 
triisopropylsilane (84 mg, 0.1 mmol), (R)-2 (17 mg, 57 
µmol), CuI, (11 mg, 5.7 µmol), THF (10 mL), PMDTA 
(9.8 mg, 5.7 µmol), 40 °C, 48 h. Column chromatography 
on silica gel using pentane/ethyl acetate (95/5) afforded 
the pure product (50 mg, 49%) as a white solid. 1H NMR (300 MHz, CDCl3, ppm) δ 8.10 (d, 
J = 8.6 Hz, 2H, CArH), 7.96 (d, J = 8.2 Hz, 2H, CArH), 7.76 (d, J = 8.7 Hz, 2H, CArH), 7.72 
(dd, J = 8.0, 1.5 Hz, 2H, CArH), 7.56 (ddd, J = 8.2, 4.7, 1.1 Hz, 2H, CArH), 7.50 (d, J = 8.0 
Hz, 2H, CArH), 7.46 (dd, J = 4.5, 3.3 Hz, 2H, CArH), 7.34 (ddd, J = 6.4, 4.3, 1.4 Hz, 2H, 
CArH), 7.31–7.28 (m, 2H, CArH), 7.02 (dd, J = 8.6, 0.7 Hz, 2H, CArH), 1.33–0.96 (brm, 
122H), 0.92–0.80 (brm, 20H). 13C NMR (75 MHz, CDCl3, ppm) δ 151.6, 150.9, 146.7, 
141.2, 140.4, 133.8, 133.2, 132.9, 131.4, 131.3, 129.0, 128.4, 128.2, 127.93, 127.88, 127.2, 
126.0, 125.2, 123.0, 122.9, 122.2, 120.4, 120.4, 119.6, 108.0, 90.5, 55.0, 40.2, 31.9, 31.9, 
30.2, 30.0, 29.8, 29.72, 29.68, 29.7, 29.63, 29.58, 29.4, 29.3, 23.7, 22.71, 22.69, 18.7, 14.1, 
11.4. IR (neat, cm−1) 2920, 2855, 2366, 2327, 2150 (C≡C), 1597, 1463, 1376, 1234, 884, 823, 
750, 677. MALDI-ToF MS m/z calcd for C120H168N6Si2 – C6H14+ Na+: 1687.17; found: 
1687.30. 
2.5.2  Synthesis  of  polymers 
Polymer P1. See General Procedure 2.2 (p. 62): (R)-1 (100 mg, 0.33 mmol), 6 (128 
mg, 0.33 mmol), CuBr (3.3 mg, 16.5 µmol), THF (4.0 mL), 
PMDTA (22.1 mg, 20.0 µmol), 40 °C, 3 d. After filtration 
and evaporation of solvent, the residue was dissolved in a 
minimal amount of CH2Cl2 and precipitated with an excess 
of MeOH. Polymer P1 was obtained as an orange solid (185 mg, 81%). 1H NMR (300 MHz, 
CDCl3, ppm) δ 8.14 (d, CArH), 7.95 (brd, CArH), 7.88 (brs, CArH), 7.79 (brd, CArH), 7.70–
N
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7.53 (m, CArH), 7.52–7.36 (brm, CArH), 1.80 (br, CCH2), 1.20 (m, CCH2), 0.80 (t, CCH3). 
IR (neat, cm−1) 2919, 2850, 1619, 1593, 1485, 1040, 819, 750. 
Polymer P2. See General Procedure 2.2 (p. 62): (R)-2 (106 mg, 0.33 mmol), 5 (128 
mg, 0.033 mmol), CuBr (3.3 mg, 16.5 µmol), THF (4.0 
mL), PMDTA (22.1 mg, 20 µmol), 40 °C, 2 d. After 
filtration and evaporation of solvent, the residue was 
dissolved in a minimal amount of CH2Cl2 and precipitated 
with excess of MeOH. Polymer P2 was obtained as a yelloworange solid (208 mg, 80%).1H 
NMR (300 MHz, CDCl3, ppm) δ 8.14 (d, CArH), 7.95 (brd, CArH), 7.88 (brs, CArH), 7.79 
(brd, CArH), 7.70–7.53 (m, CArH), 7.52–7.36 (brm, CArH), 1.58 (brm, CH2), 0.83 (t, CH3). IR 
(neat, cm−1) 3672, 2967, 2924, 2855, 2362, 2332, 1459, 1403, 1225, 1074, 1053, 814.  
Polymer P3. See General Procedure 2.2 (p. 62): (R)-2 (12 mg, 36 µmol), 5 (30 mg, 
54 µmol), 4 (11 mg, 18 µmol), CuI (2 mg, 11 
µmol), THF (5 mL), PMDTA (2 mg, 11 µmol), 45 
°C, 3 d. After filtration and evaporation of solvent, 
the residue was dissolved in a minimal amount of 
CH2Cl2 and precipitated three times with excess of MeOH. The compound was obtained as 
a yellow powder (44 mg, 85 %). 1H NMR (300 MHz, CDCl3, ppm) δ 8.34 (brd, CArH), 8.20–
8.05 (brm, CArH), 8.03–7.73 (brm, CArH), 7.70–7.35 (brm, CArH), 7.08–6.95 (brm, CArH), 
2.29–1.78 (brm, CCH2), 1.33–0.93 (brm, CH2), 0.90–0.77 (brt, CH3), 0.76–0.47 (brm, CH2). 
IR (neat, cm−1) 3676, 2924, 2846, 2358, 2327, 1688, 1459, 1256, 1079, 1022, 815. 
Polymer P4. See General Procedure 2.2 (p. 62): (R)-2 (6 mg, 18 µmol), 5 (30 mg, 
54 µmol), 4 (21 mg, 36 µmol), CuI (2 mg, 11 
µmol), THF (5 mL), PMDTA (2 mg, 11 µmol), 45 
°C, 3 d. After filtration and evaporation of solvent, 
the residue was dissolved in a minimal amount of 
CH2Cl2 and precipitated three times using an excess of MeOH. The compound was obtained as 
a yellow powder (51 mg, 90 %). 1H NMR (300 MHz, CDCl3, ppm) δ 8.41–8.28 (brd, CArH), 
8.18–8.06 (brm, CArH), 8.05–7.73 (brm, CArH), 8.03–7.73 (brm, CArH), 7.71–7.52 (brm, 
CArH), 7.50–7.33 (brm, CArH), 7.07–6.99 (brm, CArH), 2.29–1.92 (brm, CCH2), 1.33–0.95 
(brm, CH2), 0.90–0.77 (brt, CH3), 0.75–0.53 (brm, CH2). IR (neat, cm−1) 2924, 2850, 1709, 
1610, 1485, 1459, 1264, 1225, 1031, 815.  
 Polymer P5. See General Procedure 2.1 (p. 62): 2,7-Dibromo-9,9-didodecyl-9H-
fluorene (0.28 g, 0.4 mmol), [Pd(PPh3)4] (22 mg, 20 µmol), 
CuI (4 mg, 20 µmol), Et3N/toluene (3/2, 5 mL), (R)-1 (0.12 
g, 0.4 mmol), 80 °C, 24 h. The residue was dissolved in a 
minimal amount of CH2Cl2 and precipitated using an excess 
of MeOH and repeated three times. The polymer was again dissolved in CH2Cl2 and twice 
precipitated using hexanes before being dried for 24 h in vacuo. The polymer P5 was obtained 
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(0.28 g, 79%) as a yelloworange solid. 1H NMR (300 MHz, CDCl3) δ 8.02 (brd, CArH), 7.95 
(m, CArH), 7.75 (brd, CArH), 7.50 (dd, CArH), 7.48–7.30 (m, CArH), 7.21–7.01 (m, CArH), 
1.82–1.51 (br, CCH2), 1.58 (br, CCH2). IR (neat, cm−1) 3057, 2924, 2846, 2366, 2336, 2202, 
1722, 1593, 1459, 819, 750. 
2.5.3  TGA and DSC analyses of polymers 
Thermal stabilities of polymers P1–P4 were evaluated by thermogravimetirc analysis 
(TGA) at a heating rate of 10 °C/min under a nitrogen atmosphere (Figure 2.18, left). No loss 
of weight was observed below 180 °C; however, polymers P1 and P2 underwent degradation at 
temperatures ranging from 280 to 460 °C, and tended to decompose at 480 and 483 °C, 
respectively. Polymers P3 and P4 began to degrade at 320 and 180 °C, respectively; weight 
losses of about 38 and 65% were observed when the polymers were heated to 550 °C. It was 
assumed that degradation began with the evolution of only one molecule of N2 from the 
triazine moiety. The properties of the polymers were further examined by differential scanning 
calorimetry (DSC) and, in the measured range (0–250 °C), only glass transitions for P1 and P2 
were observed. Polymer P1 had a glass transition temperature at 61 °C; P2 at 134 °C. The 
abundance of a clear-phase transition might have arisen from the rigid backbone and high 
molecular weight of the polymers.  
 
Figure 2.19  Left: TGA analysis of P1–P4 . Right: DSC curves of P1–P4 .  
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In this chapter, a comparative study of two types of azoles, 1H-1,2,3-
triazoles (triazoles) and isoxazoles, is reported with the view to prepare 
new, π-conjugated, donor–acceptor (D–A) systems. Such π-electron-rich 
systems could potentially be used in nonlinear optical (NLO) materials or 
as linkers in conjugated polymers. To directly compare electronic 
communication along the different azole-linked systems, a series of low-
molecular-weight D–A molecules were prepared. To achieve this, a 
number of precursors were prepared that possessed either electron-
donating or -withdrawing substituents. These were then combined under 
the commonly used copper-catalysed reaction conditions to provide 
1,2,3-triazole-1,4-diyls and 3,5-disubstituted isoxazoles. Alternatively, 
ruthenium was used as a catalyst to alter the azole substituent positions; 
thus changing the overall geometry of the molecules. Solvatochromic 
effects were used to qualitatively evaluate the degree of conjugation in the 
prepared molecules, taking advantage of the influence of various solvents 
on the absorption and emission maxima of the D–A molecules. Based on 
these low-molecular-weight systems, two types of isoxazole-based 
polymers were prepared, characterised and compared with their triazole-
linked analogues. 
3.1  Introduction 
In the past decade, the copper-catalysed azide–alkyne cycloaddition[1] (CuAAC) reaction, 
resulting in 1,4-disubstituted triazoles, has become the most prominent click reaction; a term 
introduced by Sharpless.[2] Although this reaction was first reported a long time before by 
Huisgen,[3] it only became widely used in almost all fields of chemistry after the discovery that 
copper(I) ions accelerated the reaction and introduced regioselectivity to the products. Triazole 
units, in addition to being a covalent linkage for bioconjugation,[4] were also adopted as linkers 
in novel materials[5] and as functional building blocks (see Chapter 2)[6] in many polymeric 
systems, either by post-functionalisation of these units in the polymers[7] or by their 
incorporation directly into the polymeric backbones.[8] Despite their heteroaromatic character, 
it was reported that the triazole linker acted as a conjugation barrier with poor electronic 
communication between the linked units;[8a] thus limiting its use in conductive polymers. In 
line with these results are reports of incorporation of the triazole into charge-transfer (CT) 
complexes. In these complexes, the CT paths were found to be interrupted by the N1 atom of 
the triazole,[9] and they showed only moderate CT absorption shifts when compared with their 
olefinic analogues.[10] This, together with the drawbacks associated with the synthesis of organic 
azides (i.e., potential toxicity, explosiveness),[11] warrants a closer investigation of other triazole-
derived conjugated materials.[12] Isoxazoles are a part of this click family; they are well described 
and studied[13] and are nowadays mostly generated through the [3+2] cycloaddition of nitrile 
oxides and acetylenes. The nitrile oxides react with copper(I) acetylides much faster than the 
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corresponding azides. In fact, many nitrile oxides react with alkynes at appreciable rates, even 
without a catalyst (from several hours at 60–70 °C to several days at ambient temperature).[3b] 
The energy barrier of the copper-catalysed reaction was calculated to be 13.2 kcal/mol, which 
was 7 kcal/mol lower than that of the non-catalysed reaction. This energy difference results in 
reaction rates that are almost five orders of magnitude faster than those of non-catalysed 
reactions of nitrile oxides.[13a] In the absence of catalyst, both isoxazole regioisomers are usually 
obtained; however, recently uncatalysed reactions were reported that resulted in regioselective 
formation of isoxazoles linkers.[14] As in the case of triazoles, isoxazoles have been used in 
bioconjugates,[14a, c, d, 15] polymers[14b, 16] and various other materials;[17] however, because their 
copper-catalysed reactions were introduced after the CuAAC, they have not been as widely used 
as their well-established triazole analogues. The fact that a C–C bond is formed during the 
cycloaddition reaction makes them favourable, not only for the possibility of their post-
functionalisation,[16] but also as an element for conjugation. Unlike disubstituted triazoles, the 
3,5-disubstituted isoxazoles contain only carbon atoms in the conjugation pathway between the 
two substituents. 
The 3,5-substitution pattern of the isoxazole molecule results in a cross-conjugated 
pathway between the substituents, which is defined as the situation in which two unsaturated 
fragments are conjugated through an odd number of sp2 atoms.[18] Examples of such cross-
conjugated systems include dendralenes, radialenes and meta-substituted phenyls.[19] Physically, 
the most important difference between linearly and cross-conjugated compounds is that there is 
substantially less π-electron delocalisation over a cross-conjugated path,[20] although there may 
still be considerable delocalisation over the entire framework and partial π-conjugation.[21] 
Studies of oligomers with a cross-conjugated enyne network have shown that electronic 
communication is still observed.[22] 
The aim of this chapter was to investigate the electronic properties of isoxazoles and the 
effect of their structure on the degree of conjugation. The isoxazoles were compared with their 
triazole analogues with regards to their abilities to extend conjugation. Push–pull donor–
acceptor (D–A) systems were investigated because their solvatochromic properties were ideal to 
probe the extent of conjugation. For this purpose, a series of p-substituted phenylene alkynes, 
phenylene azides and benzohydroximinoyl chlorides were prepared. Three different substituents 
were chosen for their functionalisation: one electron-donating substituent (the methoxy group) 
and two electron-withdrawing substituents (the cyano and the nitro groups). The triazoles were 
prepared under copper-catalysed click reaction conditions. The isoxazole derivatives were 
prepared through the copper- and ruthenium-[23] catalysed reactions of the in situ generated 
nitrile oxides and alkynes, providing 3,4- and 3,5-disubstituted isoxazoles, respectively (Figure 
3.1). In the fluorescence spectra of these push–pull clicked compounds, the solvatochromic 
effect was observed in solvents of different polarity, which was an indication of the degree of 
conjugation of the molecules. 
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Figure 3.1  The three discussed azoles: triazole and two isoxazoles, and linearly 
conjugated ethylene (for comparison). 
Furthermore, conjugated polymers based on alternating aryl–isoxazole–aryl moieties 
were prepared and their physical and optical properties were compared with triazole-based 
polymers reported in the literature.  
3.2  Results  and discussion 
3.2.1  Synthesis  of  substituted phenyls 
The target click precursors are shown in Figure 3.2. 
 
Figure 3.2  Substituted phenylenes used for the synthesis of azoles. 
The acetylenes 1, 2 and 3 were conveniently prepared using the Sonogashira reaction of 
the corresponding aryl halide and a protected acetylene. The subsequent removal of the 
protecting group provided the desired terminal acetylene in good yields. As an example, 
acetylene 3 was prepared from 1-iodo-4-nitrobenzene in an overall yield of 85% by following a 
literature procedure (Scheme 3.1).[24] Compound 2 was prepared using the same reaction 
conditions, starting from 4-bromobenzonitrile, in an overall yield of 72%. Methoxyacetylene 1 
was commercially available. 
 
Scheme 3.1  Synthesis of acetylene 3. 
The azide-containing compounds were all prepared from the corresponding amines by a 
diazotization reaction with NaN3 in very good yields (Scheme 3.2). In all cases, trifluoroacetic 
acid (TFA) was used together with NaNO2 to generate the diazonium salt from the 
corresponding anilines. This method provided yields comparable to the literature procedure, in 
which HCl was used for diazonium salt preparation.[6c, 25] 
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Scheme 3.2  Synthesis of aromatic azides 4–6. 
Benzohydroximinoyl chlorides are known as stable precursors of nitrile oxides. These 
tend to dimerise within a few minutes to several days. Compounds 7–9 were prepared from 
commercially available substituted benzaldehydes in two steps by following a literature 
procedure.[26] In the first step, the aldehydes were reacted with hydroxylamine to form the 
corresponding benzaldehyde oximes. These were then efficiently chlorinated by using N-
chlorosuccinimide (NCS) in DMF (Scheme 3.3). 
 
Scheme 3.3  Two-step synthesis of the benzohydroximinoyl chlorides 7–9. 
In the next step, the prepared azole precursors were combined under click reaction 
conditions. Azides 4–6 were combined with acetylenes 1–3 in the presence of CuI and 
N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDTA) in such a way that the resulting 
molecules always contains one electron-donating and one -withdrawing group, with both 
possible orientations of the triazole group with respect to the substituents (Scheme 3.4). 
 
Scheme 3.4  Synthesis of triazole-linked molecules. 
The isoxazo-3,5-diyl analogues were prepared in a similar fashion, but in this case two 
different catalytic systems were examined. The nitro-group-containing compounds 14 and 15 
were prepared using CuSO4 in the presence of sodium ascorbate to generate the Cu(I) catalytic 
species in situ, and the products were isolated in moderate yields.[13a] The cyano-group-
containing molecules 16 and 17 were initially prepared under the same reaction conditions, 
but this, surprisingly, resulted in very low isolated yields (under 10%). The use of the same 
catalytic system as that for the synthesis of the triazole-containing molecules (CuI/PMDTA, 
Scheme 3.4) resulted in an increase of the isolated yields of the desired products 16–17 
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(Scheme 3.5). PMDTA served, in the latter, both as a copper ligand and as a base for generating 
the reactive nitrile in situ from the benzohydroximinoyl chlorides. 
 
Scheme 3.5  Synthesis of isoxazoles-linked molecules. 
In the CuSO4-based catalytic system used to generate compounds 14 and 15, KHCO3 
was used as the base. Recent studies reported that nitrile oxides could be generated directly from 
corresponding oximes in one pot together with the subsequent click reaction either by using 
chloramine-T as the chlorinating agent[13b] or by induction with hypervalent iodine.[27] This 
method could provide an alternative way to prepare compounds 14–17 in higher yields. 
To prepare isoxazole 3,4-diyl-linked D–A compounds 18 and 19, Ru(II)-catalysed 
cycloaddition reactions were used. The [Cp*RuCl(cod)] (cod = cycloocta-1,5-diene, Cp* = 
C5Me5) complex was used as catalyst, since it was reported to have the best conversion rate and 
selectivity for this type of reaction (Scheme 3.6).[23a] 
 
Scheme 3.6  Synthesis of compounds 18 and 19. 
Although reaction conditions reported in the literature were used, a much smaller 
selectivity of the reaction was observed than that reported. In both cases, the isoxazoles-3,5-diyl 
isomer was also formed (25% for 18, 20% for 19). These amounts were much higher than 
those reported for similar systems (3% of isomers formed). When triethylamine was exchanged 
for PMDTA in the synthesis of 18, both the yield (68%) and selectivity (18/16 = 10:1) of the 
reaction increased. In all cases, it was possible to separate the pure isomers. 
3.2.2  Computational  studies 
To confirm the expected geometries of the molecules prepared and predict their 
absorption spectra, simple modelling studies were conducted. Geometries were optimised at the 
B3LYP/6-31G level using the program Spartan for all the cyano-functionalised compounds. 
The results obtained are shown in Table 3.1. 
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Table 3.1  Visualisation of HOMO and LUMO of compounds 12, 16 and 18 
Compound HOMO LUMO 
12 
  
16 
  
18 
  
 
In the optimised geometries of compounds 12 and 16, the phenyl moieties are nearly 
coplanar with the respective azole linkers. In the case of compound 18, however, the phenyl 
rings are twisted out of the plane with respect to the linking isoxazole because of steric 
hindrance between the phenyl substituents. Solid-state structures of isoxazole systems similar to 
16 functionalised with phenyls in both positions have shown a favourable planar orientation of 
the aromatic rings with respect to each other, allowing some degree of conjugation between the 
D and A moieties.[17b] In compound 12, the HOMO is almost evenly distributed through the 
molecule, although it was reported previously that the tertiary amine centre at N1 of the triazole 
interrupted the CT path.[8a, 9] On the other hand, the LUMO appears to be localised mostly on 
the A (–CN substituted) part of 12. In contrast to 12, in both isoxazole-linked molecules 16 
and 18, there is an obvious non-uniform distribution of the frontier molecular orbital (FMO). 
The HOMO is localised at the D (–OMe substituted) part of the molecule, whereas the 
LUMO is localised at the A (–CN substituted) part of the molecule. Such a favourable orbital 
polarisation, which leads to significant changes in dipole moment upon excitation, makes these 
molecules promising nonlinear optical (NLO) candidates. 
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3.2.3  Spectroscopic studies  
The UV–vis spectroscopic properties of the prepared azoles are summarised in Table 3.2. 
Table 3.2  Absorption maxima of compounds 10–19 in CH2Cl2 
Substituents 
   
R1 R2 Comp. 
UV–vis 
(λabs) 
[nm] 
Comp. 
UV–vis 
(λabs) 
[nm] 
Comp. 
UV–vis 
(λabs) [nm] 
OMe NO2 10 320 14 306   
NO2 OMe 11 266 15 291   
OMe CN 12 282 16 282 18 251 
CN OMe 13 257 17 272 19 242 
 
In all of the studied compounds, a trend was observed in which the isomer 
functionalised with the electron-donating substituent on the side of the former 1,3-dipole has a 
redshifted absorption maximum relative to its regioisomer (e.g., 10 vs. 11, 12 vs. 13 etc.). The 
isoxazole-3,4-diyl-linked compounds have their absorption maxima placed at the lowest 
wavelengths of all compounds.  
The molecules prepared herein were designed to act as dipoles, consisting of an electron-
donating group (EDG) and an electron-withdrawing group (EWG) linked together by a 
conjugated bridge (D–π–A system, Figure 3.3). 
 
Figure 3.3  Schematic structure of the D–π–A system. 
Upon excitation of the D–π–A system, CT from the D end of the molecule to the A end 
accompanies the HOMO→LUMO excitation and this transfer is mediated by the connecting 
conjugated bridge (Figure 3.4).  
 
Figure 3.4  The resonance structures of the ground (a) and the excited (b) states of an 
isoxazole clicked D–π–A system. 
One of the possible ways of determining the achieved degree of CT in these D–A 
systems is to compare the solvatochromic effect, which is characterised as the dependence of the 
intensity and position of electronic spectra on the solvent polarity.[28] In the case of positive 
solvatochromism, a generally weak hypsochromic shift of the maximum absorption CT band 
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(the band corresponding to photoinduced CT) is observed. On the other hand, in the emission 
spectra, a much more pronounced bathochromic shift is observed (with excitation at the 
wavelength of the CT band maximum) with increasing solvent polarity. This effect is related to 
the different orientation of the dipole in the ground and excited states, and the excited-state 
lifetime and the ability of the solvent to contribute to the stabilisation of the dipoles. For this 
reason, the UV–vis and fluorescence spectra of the prepared compounds were measured in 
solvents of differing polarities (for example, see Figure 3.5). 
Generally, nitrophenyl derivatives do not give an intense emission because of efficient 
self-quenching and non-radiative decay of the excited state. This behaviour was observed for the 
nitro-group-functionalised compounds 10, 11, 14 and 15; thus making it impossible to 
observe the solvatochromic effect in their fluorescence spectra. In their UV–vis spectra, however, 
small hypsochromic shifts of 3–5 nm were observed when changing the solvent from the least 
polar to the most polar (Table 3.3). 
Table 3.3  Solvatochromic properties of nitro compounds 10, 11, 14 and 15 
Solvent 
UV–vis (λabs) [nm] 
10 11 14 15 
Toluene 321 –[a] 307 286[b] 
CH2Cl2 320 266 306 291 
CH3CN 318 263 302 289 
[a] Absorption maxima overlapped with the solvent signal. [b] In heptane. 
For all remaining cyano-group-functionalised compounds, it was possible to measure 
their fluorescence spectra. The obtained data are summarised in Table 3.4. 
Table 3.4  Solvatochromic properties of the cyano-functionalised compounds 
Solvent 
PL λem/Δ  [nm] (UV–vis λabs [nm]) 
   
12 13 16 17 18 19 
Heptane 
350 
(281) 
373 
(257) 
362 
(279) 
345 
(270) 
344 
(250) 
290, 383 
(241) 
CH2Cl2 
386/+36 
(282) 
410/+37 
(257) 
422/+60 
(282) 
399/+54 
(272) 
390/+46 
(251) 
306, 439/+56 
(242) 
CH3CN 
411/+61 
(280) 
447/+74 
(256) 
461/+99 
(280) 
437/+92 
(269) 
427/+83 
(249) 
309, 469/+86 
(238) 
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Figure 3.5  Normalised fluorescence spectra of compounds a) 12  and b) 16  in the 
stated solvents (c =10–5 M, λex = λabs). 
In Figure 3.5, the typical emission spectra of a triazole- and an isoxazole-functionalised 
compound are displayed, excited at their respective λabs. The triazole-functionalised compounds 
showed the smallest solvent-induced emission shift from the studied systems; approximately 30 
nm smaller than that of their isoxazole-functionalised analogues. The isoxazole-3,4-diyl-linked 
compounds showed a rather high solvatochromic shift, which was in accordance with molecular 
modelling data, in which a non-uniform distribution of the FMO was observed. The 
fluorescence spectra of compound 19 (Figure 3.6) showed multiple fluorescence bands in each 
of the different solvents used. Further computational studies are needed to understand this 
experimental observation. 
 
Figure 3.6  Fluorescence spectra of compound 19 . 
The solvent-induced redshifts in the fluorescence spectra of the isoxazole-linked 
compounds are larger than those of their triazole analogues, which indicates a more pronounced 
CT. This observation suggests that isoxazoles are more suitable linkers for push–pull systems. 
3.2.4  Preliminary NLO studies  
The focus of NLO studies is to investigate the interaction between strong coherent light 
and materials to generate modified fields, which are different from the incident field in phase, 
frequency and/or amplitude.[29] One of the most commonly applied NLO effects is the second 
harmonic generation (SHG), in which two incident photons combine to generate a photon of 
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doubled frequency and thus doubled energy. It commonly occurs when an intense laser beam 
interacts with a medium that has a high second-order susceptibility.[30] For organic materials, 
this is achieved in molecules with high molecular hyperpolarisabilities (strongly dipolar 
conjugated D–A-type molecules),[31] combined with a non-centrosymmetric (crystal) 
organisation.  
In previous research by Xu and co-workers on small aromatic molecules, it was shown 
that the transition dipole in D–A molecules was one of the most important elements to 
influence the NLO properties of a given material.[32] The above-presented optical and 
computational studies have shown that the examined triazole- and isoxazole-linked arylenes 
possess such features. The main requirement of D–A push–pull systems to display NLO 
response in the solid state is that the bulk material has a net permanent dipole moment. Because 
many materials that show promising behaviour in solution do not fulfil this requirement, a pilot 
study was conducted on a model compound, 1,4-diphenyl-1H-1,2,3-triazole (20, Figure 3.7). 
The findings from this simple model system will serve as a basis for the study of NLO 
properties of the compounds prepared in this chapter. 
 
Figure 3.7  Model compound for solid-state NLO studies. 
To be able to conduct the optical measurements, triazole 20 was recrystallised from 
CH2Cl2 and heptane. This yielded rod-like crystals of 20 (Figure 3.8, Left), which were 
analysed by X-ray diffraction (XRD, Figure 3.8, Right).  
 
Figure 3.8  Left: SEM image of crystals of 20 . Right: schematic image of the cell of a 
typical crystal of compound 20 . Three cell axes are given: a, b and c axes. 
Figure 3.8 shows that along the b axis the molecules interact with each other through 
hydrogen bonding between triazole units and offset π–π interactions between the phenyl ring, 
forming a layered structure. Along the c axis, these layers interact through a T-type π–π 
interactions between the phenyl rings of the adjacent layers. Most importantly, the arrangement 
of the molecules of compound 20 in the crystal is non-centrosymmetric because the triazole N2 
N
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and N3 atoms are all pointing to the same side in the crystal. Consequently, the crystal has a 
permanent dipole moment; its direction has a distinct angle with respect to all three axes.  
After analysing the crystal structure of 20, NLO experiments were conducted using a 
MaiTai Ti-Sapphire (710–990 nm) laser as the optical source (Figure 3.9). 
 
Figure 3.9  Correlation between the polarisation orientation of the linearly polarised 
light and the orientation of the dipole moment of 20 . 
Figure 3.9 shows an intense SHG and the signal changes with the polarisation angle. 
The intensity has the highest value when the polarisation angle is 150 or 330°. The intensity of 
the SHG signal is closely related to the angle between the orientation of the permanent- and 
induced-dipole moments in the crystal and polarisation of the light. This polarisation 
dependence can be used to confirm the arrangement of molecules in the crystal or it can be 
helpful to understand the arrangement of the crystal. The NLO properties, combined with the 
stability and ease of preparation, make this simple class of materials extremely interesting for 
further study as organic NLO materials. 
Because azoles 11–17 (see Table 3.1) are functionalised with electron-donating and -
withdrawing substituents, they are expected to have a higher dipole moment than that of model 
compound 20. This higher dipole moment should result in even stronger NLO responses, 
providing that their solid-state structures remain non-centrosymmetric. These examinations are 
currently ongoing.  
3.2.5  Synthesis  and properties  of  isoxazole- l inked polymers 
The study of the NLO properties of compounds 11–17 indicates that the isoxazole 
linkers have better capability to extend conjugation than triazoles. To verify this hypothesis, the 
role of azoles to serve as conjugation-extending building blocks was studied in two types of 
isoxazole-based polymers, P1 and P2 (Figure 3.10). Such types of conjugated polymers have 
not yet been reported, although analogues containing 1,2,3-triazoles are known from the 
literature (P3 and P4).[8] One disadvantage of linearly conjugated systems, such as polyynes, 
polyacetylenes, polydiacetylenes,[33] is the redshift of their λabs values towards the visible region 
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of the spectrum as the chain length increases. This results in longer polymers with considerably 
decreased transparency. The above studies suggest that cross-conjugated polymers employing 
isoxazole linkers could overcome this issue and such polymers could be candidates for the 
fabrication of optical signal processing/switching and sensing devices. 
 
Figure 3.10  Target azole-linked polymers. 
In addition to the azole linkers, fluorene moieties were chosen as the second backbone 
element. Because their optical properties are easily affected by substituents,[34] they are suited to 
assess the capability of isoxazoles to extent conjugation. 
For the synthesis of P1 and P2, two target monomeric units were required: bis-
functional hydroximinoyl chloride 21 and bis(acetylene) 22. The synthesis of 21 started from 
the commercially available compound 23, yielding, after formylation using DMF, the 
corresponding aldehyde 24. This was subsequently reacted with hydroxylamine providing the 
bis(aldoxime) 25 in almost quantitative yield. After the chlorination of 25 using NCS, 
compound 21 was obtained in 95% yield (Scheme 3.7). 
 
Scheme 3.7  Synthesis of the target monomeric compound 21. 
The second target monomer, bis(acetylene) 22, was prepared according to a previously 
described procedure, see Chapter 2 (Scheme 2.2). To obtain the desired polymers P1 and P2, 
the monomeric compounds 21 and 22 were combined in a 1:1 ratio, under different click 
reaction conditions. After stirring for four days, the polymers were precipitated from CH2Cl2 in 
methanol and isolated in good yields (Scheme 3.8). 
 
Scheme 3.8  Synthesis of polymers P1 and P2 (for their structures, see Figure 3.10). 
The polymers were characterised by gel permeation chromatography (GPC) and optical 
spectroscopic techniques. The results are summarised in Table 3.5. 
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Table 3.5  Polymerisation results and characteristics of P1 and P2 
Compound Mw[a] Mn[a] PDI[a] 
UV–vis[b] 
λabs [nm]) 
PL[b] 
λem [nm] 
P1 15,852 10,463 1.51 348 373, 391, 411 
P2 6602 3791 1.74 295, 320 401 
[a] Polydispersity index (PDI), as determined by GPC. [b] Photoluminescence (PL) 
measured in CH2Cl2 
 
GPC analyses showed the formation of polymers of moderate molecular weights. The 
molecular weight of polymer P1, which was expected to adopt a more linear structure, was 
determined by GPC to be approximately 2.5-times larger than that of P2. This was likely 
caused by the sterically more challenging structure of P2, which was expected to be highly 
twisted and nonlinear. This assumption was confirmed by the UV–vis and fluorescence spectra 
of the prepared polymers (Figure 3.11). 
 
Figure 3.11  a) UV–vis spectra polymers P1  and P2 , c=10–5 M. b) Fluorescence 
spectra of polymers P1  and P2 , c =10–5 M. 
The absorption maximum of P1 is redshifted by approximately 50 nm relative to that of 
P2 and is also much sharper. The fluorescence spectrum of P1 is better resolved than its 
absorption spectrum, which suggests that, in the excited state, the bonds connecting the 
fluorene and the azole rings acquire some double-bond character, giving rise to a planarised 
structure.[35] In comparison to P1, the Stokes shift in P2 is much larger, that is, 105 nm (Table 
3.5), as a result of the face-to-face arrangement the fluorene units in this molecule. This 
observation can be explained by an intramolecular excimer formation, as previously reported in 
the literature for analogous oligophenyl- and fluorene- based molecules.[36] 
Analogous triazole-linked polymers were reported previously in the literature (Scheme 
3.9). Various conditions were used during their preparation, which were shown to have an 
influence on their polymeric characteristics, as shown in Scheme 3.9 and Table 3.6 (for 
preparation of 22 and 26, see Chapter 2, Scheme 2.2; 27 and 28 were prepared in the same 
manner starting from 2,7-dibromo-9,9-dioctyl-9H-fluorene). The yields reported in the 
literature, optical characteristics and polymeric properties are summarised in Table 3.6. 
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Scheme 3.9  Synthesis of polymers P3[8b, c] and P4.[8a] TBTA= tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine. 
Table 3.6  Polymerisation results of P3–P5 
Compound Yield Mw[a] Mn[a] PDI[a] 
UV–vis[b] 
(λabs) [nm]) 
PL[b] 
(λem) [nm] 
P3a 92 16,118 8386 1.92 350 385 
P3b 91 16,123 7483 2.15 337 390 
P4 –[c] 130,00 –[c] 1.61 361 373, 391 
[a] Determined by GPC. [b] For P3 and P4 in CH2Cl2; for P5 in THF. [c] Yield was not reported. 
In comparison with P3 and P4, the isoxazole-linked polymers prepared show a similar 
molecular weight and an improved PDI. Their absorption and emission spectra show similar, 
slightly redshifted (absorption and emission) maxima, suggesting improved conjugation along 
their polymeric backbones. 
3.3  Conclusion 
A set of triazole- and isoxazole-linked push–pull systems were prepared to investigate 
and compare the conjugation-extending ability of these two linkers. The isoxazole-linked 
compounds showed a higher sensitivity towards changes in the solvent polarity compared to 
triazole analogues. This behaviour suggests more effective CT from the D towards the A part of 
the molecule in case of isoxazoles. This is in agreement with computational studies showing that 
the isoxazole-linked compounds possess a larger transition dipole than their triazole analogues. 
To investigate the potential of these compounds as solid-state NLO materials, a successful pilot 
study with a model compound was conducted. The examination of the NLO properties of the 
compounds prepared herein is ongoing. Furthermore, novel fluorene-derived polymers were 
obtained that were linked through 3,5- and 4,5-disubstituted isoxazole units. These have shown 
similar luminescent properties to those of the triazole-linked polymers, showing the potential of 
isoxazole to be employed in click polymerisation reactions. 
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3.5  Experimental  section 
General .  For general information, see Experimental Section 2.5 (p. 60). Compounds 
2,[37] 3,[24] 7,[13a] 8 [38] and 9[13a] are known from the literature and were prepared following the 
described procedures. 
General  Procedure 3.1 for the synthesis  of  azides.  A solution of NaNO2 (3 
equiv) in iced water (20 mL) was added slowly to a stirred mixture of amine and TFA (30 mL), 
and the temperature was kept between 0 and 5 °C. After stirring for 40 min at 0 °C, NaN3 (6 
equiv) in iced water (20 mL) was added dropwise and the resulting mixture was stirred for 80 
min before being warmed to room temperature. Water was then added (50 mL). If a precipitate 
started to form, more water was added (150 mL), and the solid was collected by filtration. The 
precipitate was washed with water and dried in vacuum to provide the pure product. If no 
formation of precipitate was observed, the aqueous layer was extracted with CH2Cl2 (3×40 mL). 
The combined organic phases were washed with NH4Cl (50 mL, 1M) and dried over Na2SO4. 
After filtration, the solvent was evaporated and the crude mixture was purified by column 
chromatography to afford the pure product. 
1-Azido-4-methoxybenzene (4).  See General Procedure 3.1 (p. 88): 4-
Methoxyaniline (2.0 g, 16.2 mmol), NaNO2 (3.5 g, 50 mmol), NaN3 (6.5 g, 0.1 
mol). Column chromatography on silica gel using CH2Cl2/pentane (9/1) 
afforded the pure product (2.1 g, 85%) as a yellow–orange oil. 1H NMR (300 MHz, 
CDCl3, ppm) δ 6.96 (d, J = 9.2 Hz, 2H, CArH), 6.89 (d, J = 9.3 Hz, 2H, CArH), 3.80 (s, 3H, 
CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 157.0, 132.3, 120.0, 115.1, 55.5. IR (neat, cm−1) 
3002, 2949, 2103 (N3), 1502, 1286, 1243, 1035, 824. The NMR and IR spectroscopic data 
were in agreement with values reported in the literature.[39] 
4-Azidobenzonitr i le  (5).  See General Procedure 3.1 (p. 88): 4-Aminobenzonitrile 
(2.0 g, 16.9 mmol), NaNO2 (3.5 g, 51 mmol), NaN3 (6.6 g, 0.1 mol). The 
precipitate was collected and dried in vacuum to provide the pure product (2.1 g, 
86%) as a bright yellow–white solid. 1H NMR (300 MHz, CDCl3, ppm) δ 7.64 (d, J = 8.9 Hz, 
2H, CArH), 7.10 (d, J = 8.9 Hz, 2H, CArH). 13C NMR (75 MHz, CDCl3, ppm) δ 144.9, 133.8, 
119.7, 118.3, 108.3. IR (neat, cm−1) 2219 (C≡N), 2150, 2111 (N3), 1592, 1502, 1316, 836. 
The NMR and IR spectroscopic data are in agreement with literature values.[25] 
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1-Azido-4-methoxybenzene (6).  See General Procedure 3.1 (p. 88): 4-Nitroaniline 
(1.0 g, 7.2 mmol), NaNO2 (1.5 g, 21 mmol), NaN3 (2.7 g, 42 mmol. The 
precipitate was collected and dried in vacuum to provide the pure product (1.1 g, 
89%) as yellow crystals. 1H NMR (300 MHz, CDCl3, ppm) δ 8.24 (d, J = 8.9 Hz, 2H, CArH), 
7.14 (d, J = 8.9 Hz, 2H, CArH). 13C NMR (75 MHz, CDCl3, ppm) δ 146.9, 144.6, 125.6, 
119.4. IR (neat, cm−1) 2120 (N3), 1593, 1515 (NO), 1342 (NO), 1285, 850. The NMR and 
IR spectroscopic data are in agreement with literature values.[40] 
1-(4-Methoxyphenyl)-4-(4-nitrophenyl)-1H -1,2,3-tr iazole (10).  See 
General Procedure 2.2 (p. 62): 4 (150 mg, 1.0 mmol), 3 (146 mg, 
1.0 mmol), CuI (38 mg, 0.2 mmol), THF (10 mL), PMDTA (34 
mg, 0.2 mmol), room temperature, 18 h. The residue was dissolved 
in minimal amount of CH2Cl2 and precipitated into an excess of 
pentane. This was repeated three times to afford the pure product (240 mg, 81%) as yellow 
crystals. 1H NMR (300 MHz, CDCl3, ppm) δ 8.33 (d, J = 8.9 Hz, 2H, CArH), 8.25 (s, 1H, 
CArH), 8.08 (d, J = 8.9 Hz, 2H, CArH), 7.69 (d, J = 9.0 Hz, 2H, CArH), 7.07 (d, J = 9.0 Hz, 2H, 
CArH), 3.89 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 160.2, 147.5, 146.0, 136.6, 
130.1, 126.2, 124.4, 122.3, 119.3, 115.0, 55.7. IR (neat, cm−1) 3171, 2837, 1605, 1513, 1326, 
1251, 989, 853, 827, 817, 705, 619. HRMS (ESI) m/z calcd for C15H12N4O3 +H+: 297.09876; 
found: 297.09881 (|Δ| = 0.17 ppm). 
4-(4-Methoxyphenyl)-1-(4-nitrophenyl)-1H -1,2,3-tr iazole (11).  See 
General Procedure 2.2 (p. 62): 5 (132 mg, 1.0 mmol), 1 (164 mg, 
1.0 mmol), CuI (38 mg, 0.2 mmol), THF (10 mL), PMDTA (37 
mg, 0.2 mmol), room temperature, 12 h. The residue was dissolved 
in minimal amount of CH2Cl2 and precipitated into an excess of pentane. This was repeated 
three times and afforded the pure product (190 mg, 68%) as a red solid. 1H NMR (300 MHz, 
DMSO-d6, ppm) δ 9.40 (s, 1H, CArH), 8.49 (d, J = 9.2 Hz, 2H, CArH), 8.25 (d, J = 9.3 Hz, 
2H, CArH), 7.88 (d, J = 8.9 Hz, 2H, CArH), 7.09 (d, J = 8.9 Hz, 2H, CArH), 3.82 (s, 3H, CH3). 
13C NMR (75 MHz, DMSO-d6, ppm) δ 159.5, 147.8, 146.6, 140.9, 126.8, 125.6, 122.3, 
120.3, 118.9, 114.5, 55.2. IR (neat, cm−1) 2920, 2850, 2120, 1740, 1597, 1511, 1342, 1243, 
1169, 1022, 620. HRMS (ESI) m/z calcd for C15H12N4O3 + H+: 297.09876; found: 297.09853 
(|Δ| = 0.77 ppm). 
4-[1-(4-Methoxyphenyl)-1H -1,2,3-tr iazol-4-yl]benzonitr i le  (12).  See 
General Procedure 2.2 (p. 62): 4 (75 mg, 0.5 mmol), 2 (64 mg, 0.5 
mmol), CuI (19 mg, 0.1 mmol), THF (10 mL), PMDTA (17 mg, 
0.1 mmol), room temperature, 12 h. The residue was dissolved in 
minimal amount of CH2Cl2 and precipitated into an excess of pentane. This was repeated three 
times and afforded the pure product (80 mg, 60%) as white crystals. 1H NMR (300 MHz, 
CDCl3, ppm) δ 8.20 (s, 1H, CArH), 8.02 (d, J = 8.6 Hz, 2H, CArH), 7.74 (d, J = 8.6 Hz, 2H, 
CArH), 7.68 (d, J = 9.0 Hz, 2H, CArH), 7.06 (d, J = 9.0 Hz, 2H, CArH), 3.89 (s, 3H, CH3). 13C 
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NMR (75 MHz, CDCl3, ppm) δ 160.2, 146.4, 134.8, 132.8, 130.1, 126.1, 122.3, 119.0, 
118.7, 114.9, 111.7, 55.7. IR (neat, cm−1) 3101, 2232, 1614, 1519, 1264, 1044, 824, 560. The 
NMR and IR spectroscopic data were in agreement with values reported in the literature.[41] 
4-[4-(4-Methoxyphenyl)-1H -1,2,3-tr iazol-1-yl]benzonitr i le  (13).  See 
General Procedure 2.2 (p. 62): 6 (144 mg, 1.0 mmol), 1 (132 mg, 
1.0 mmol), CuI (38 mg, 0.2 mmol), THF (10 mL), PMDTA (34 
mg, 0.2 mmol), room temperature, 12 h. The residue was dissolved 
in minimal amount of CH2Cl2 and precipitated into an excess of pentane. This was repeated 
three times and afforded the pure product (188 mg, 68%) as a white solid. 1H NMR (300 MHz, 
CDCl3, ppm) δ 8.16 (s, 1H, CArH), 7.97 (d, J = 8.9 Hz, 2H, CArH), 7.86–7.81 (m, 4H, CArH), 
7.00 (d, J = 8.9 Hz, 2H, CArH), 3.86 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 160.1, 
149.0, 139.9, 133.9, 127.3, 122.2, 120.4, 117.7, 116.1, 114.4, 112.2, 55.4. IR (neat, cm−1) 
3110, 2920, 2850, 2232, 1610, 1497, 1521, 1182, 1022, 840, 815, 620, 560. The NMR and 
IR spectroscopic data were in agreement with values reported in the literature.[42] 
3-(4-Methoxyphenyl)-5-(4-nitrophenyl) isoxazole (14).  An aqueous solution 
of sodium ascorbate (90 µL, 1M) and CuSO4 (90 µL, 2.7 M) was 
added to a stirred mixture of 7 (151 mg, 0.82 mmol) and 3 (120 
mg, 0.82 mmol) in THF/H2O (30 mL, 2/1). KHCO3 (373 mg, 
3.73 mmol) was then added and the resulting mixture was stirred for 1 h at 30 °C. After cooling 
to room temperature, an excess of water was added and the formed precipitate was collected by 
filtration and dried. Washing of the solid residue with pentane provided, after drying, the pure 
product (152 mg, 63%) as a yellow solid. 1H NMR (300 MHz, DMSO-d6, ppm) δ 8.40 (d, J = 
9.0 Hz, 2H, CArH), 8.15 (d, J = 9.0 Hz, 2H, CArH), 7.87–7.84 (m, 3H, CArH), 7.11 (d, J = 9.0 
Hz, 2H, CArH), 3.82 (s, 3H, CH3). 13C NMR (75 MHz, DMSO-d6, ppm) δ 167.2, 162.6, 
161.0, 148.1, 132.4, 128.2, 126.7, 124.6, 120.4, 114.7, 101.3, 55.4. IR (neat, cm−1) 3154, 
3110, 2944, 1606, 1514, 1431, 1341, 1251, 1174, 1029. 855, 835, 809, 754, 639, 616. 
HRMS (ESI) m/z calcd for C16H12N2O4: 296.07971; found: 296.07953 (|Δ| = 0.61 ppm). 
5-(4-Methoxyphenyl)-3-(4-nitrophenyl) isoxazole (15).  An aqueous solution 
of sodium ascorbate (100 µL, 1 M) and CuSO4 (100 µL, 2.7 M) was 
added to a stirred mixture of 9 (201 mg, 1.00 mmol) and 1 (132 
mg, 1.00 mmol) in THF/H2O (12 mL, 2/1). KHCO3 (433 mg, 
4.33 mmol) was then added and the mixture was stirred for 1 h at 
30 °C. After cooling to room temperature, an excess of water was added and the formed 
precipitate was collected by filtration and dried. Washing of the solid residue with pentane 
provided, after drying, the pure product (180 mg, 61%) as a yellow solid. 1H NMR (300 MHz, 
CDCl3, ppm) δ 8.35 (d, J = 9.0 Hz, 2H, CArH), 8.05 (d, J = 9.0 Hz, 2H, CArH), 7.79 (d, J = 
9.0 Hz, 2H, CArH), 7.02 (d, J = 9.0 Hz, 2H, CArH), 6.77 (s, 1H, CArH), 3.89 (s, 3H, CH3). 13C 
NMR (75 MHz, CDCl3, ppm) δ 171.5, 161.5, 161.1, 148.7, 135.4, 127.6, 127.5, 124.2, 
119.7, 114.6, 96.1, 55.5. IR (neat, cm−1) 3073, 2921, 2851, 1606, 1503, 1456, 1340, 1252, 
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1178, 1024, 854, 833, 786, 756, 731, 617. HRMS (ESI) m/z calcd for C16H12N2O4: 
296.07971; found: 296.08013 (|Δ| = 1.42 ppm). 
4-[3-(4-Methoxyphenyl) isoxazol-5-yl]benzonitr i le  (16).  See General 
Procedure 2.2 (p. 62): 2 (64 mg, 0.5 mmol), 7 (102 mg, 0.6 mmol), 
CuI (9.6 mg, 0.05 mmol), THF (6 mL), PMDTA (8.7 mg, 0.05 
mmol), room temperature, 15 h. Column chromatography on silica 
gel using pentane/ethyl acetate (6/1) afforded the pure product (100 mg, 72%) as a yellowish 
solid. 1H NMR (300 MHz, CDCl3, ppm) δ 7.91 (d, J = 8.7 Hz, 2H, CArH), 7.82–7.72 (m, 4H, 
CArH), 6.99 (d, J = 9.0 Hz, 2H, CArH), 6.89 (s, 1H, CArH), 3.88 (s, 3H, CH3). 13C NMR (75 
MHz, CDCl3, ppm) δ 167.8, 162.8, 161.2, 132.8, 131.2, 128.2, 126.2, 120.9, 118.1, 114.4, 
113.4, 99.4, 55.3. The NMR spectroscopic data were in agreement with values reported in the 
literature.[43] 
4-[5-(4-Methoxyphenyl) isoxazol-3-yl]benzonitr i le  (17).  See General 
Procedure 2.2 (p. 62): 1 (68 mg, 0.5 mmol), 8 (93 mg, 0.5 mmol), 
CuI (5 mg, 0.03 mmol), THF (5 mL), PMDTA (4 mg, 0.02 mmol), 
room temperature, 15 h. Column chromatography on silica gel using 
pentane/ethyl acetate (6/1) afforded the pure product (75 mg, 53%) as a yellowish solid. 1H 
NMR (300 MHz, CDCl3, ppm) δ 7.97 (d, J = 8.7 Hz, 2H, CArH), 7.82–7.72 (m, 4H, CArH), 
7.01 (d, J = 9.0 Hz, 2H, CArH), 6.73 (s, 1H, CArH), 3.88 (s, 3H, CH3). 13C NMR (75 MHz, 
CDCl3, ppm) δ 171.3, 161.43, 161.38, 133.6, 132.7, 127.5, 127.3, 119.8, 118.4, 114.5, 113.5, 
95.9, 55.4. IR (neat, cm−1) 2919, 2228, 1612, 1527, 1454, 1282, 620, 550. HRMS (ESI) m/z 
calcd for C17H12N2O2: 276.08988; found: 276.09017 (|Δ| = 1.05 ppm). 
4-[3-(4-Methoxyphenyl) isoxazol-4-yl]benzonitr i le  (18).  See General 
Procedure 2.2 (p. 62): 2 (64 mg, 0.5 mmol), 7 (102 mg, 0.5 mmol), 
[Cp*RuCl(cod)] (19.0 mg, 0.05 mmol), THF (6 mL), PMDTA (8.7 mg, 
0.05 mmol), room temperature, 15 h. Column chromatography on silica gel 
using pentane/ethyl acetate (6/1) afforded the pure product (94 mg, 68%) as 
a yellow solid; the corresponding regioisomer 16 was also obtained (9 mg, 7%). 1H NMR (300 
MHz, CDCl3, ppm) δ 8.57 (s, 1H, CArH), 7.64 (d, J = 8.6 Hz, 2H, CArH), 7.42–7.34 (m, 4H, 
CArH), 6.92 (d, J = 8.9 Hz, 2H, CArH), 3.84 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3, ppm) 
δ 161.0, 159.7, 156.8, 134.1, 132.5, 130.0, 129.2, 119.9, 118.8, 118.4, 114.3, 111.8, 55.3. IR 
(neat, cm−1) 3105, 2997, 2679, 2920, 2838, 2226, 1612, 1501, 1251, 1179, 1124, 1028, 834, 
617, 596, 559. HRMS (ESI) m/z calcd for C17H12N2O2: 276.08988; found: 276.08997 (|Δ| = 
0.33 ppm). 
4-[4-(4-Methoxyphenyl) isoxazol-3-yl]benzonitr i le  (19).  A mixture of EtCl2 
(5 mL) with Et3N (88 µL, 0.5 mmol) was added to a Schlenk finger charged 
with 1 (68 mg, 0.5 mmol) and 8 (93 mg, 0.5 mmol), in a glove box under a 
nitrogen atmosphere. [Cp*RuCl(cod)] (9.5 mg, 0.03 mmol) was then added 
and the Schlenk finger was sealed. After stirring overnight at room 
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temperature the mixture was quenched with aqueous NH4Cl (1M, 50 mL) and extracted three 
times with CH2Cl2 (20 mL). The combined organic layers were washed with water and brine 
and dried over Na2SO4. Column chromatography on silica gel using pentane/ethyl acetate (6/1) 
afforded the pure product (72 mg, 52%) as a yellowish solid. along with the regioisomer 17 (24 
mg, 17%). 1H NMR (300 MHz, CDCl3, ppm) δ 8.50 (s, 1H, CArH), 7.70–7.60 (m, 4H, 
CArH), 7.14 (d, J = 8.9 Hz, 2H, CArH), 6.91 (d, J = 8.8 Hz, 2H, CArH), 3.83 (s, 3H, CH3). 13C 
NMR (75 MHz, CDCl3, ppm) δ 159.8, 158.6, 156.5, 133.3, 132.3, 130.1, 129.1, 120.1, 
120.0, 118.3, 114.5, 113.3, 55.3. IR (neat, cm−1) 3124, 3016, 2846, 2229, 1595, 1508, 1443, 
1368, 1241, 1109, 1019, 847, 823, 611, 561. HRMS (ESI) m/z calcd for C17H12N2O2: 
276.08988; found: 276.08978 (|Δ| = 0.36 ppm). 
(2Z ,7Z)-9,9-Didodecyl-N ' 2,N ' 7-dihydroxy-9H -f luorene-2,7-
bis(carbimidoyl)  dichloride (21).  According to the previously 
described method:[13a] A single portion of NCS (0.2 g, 1.5 mmol) 
was added to a solution of 25 (2.0 g, 3.4 mmol) in DMF (12 mL). 
A small amount of HCl gas was bubbled through the solution, which resulted in an increase in 
temperature to 25 °C and indicated initiation of the reaction. The second batch of NCS (0.8 g, 
6.0 mmol) was added in small portions to the reaction mixture, while keeping the temperature 
below 30 °C. The resulting mixture was stirred at room temperature for 1 h, poured into water 
and extracted with diethyl ether. The organic phase was washed with brine and dried over 
Na2SO4. The solvent was removed to give the product as a transparent yellow solid (2.13 g, 
95%) without further purification. 1H NMR (300 MHz, CDCl3, ppm) δ 8.43 (s, 2H, N–OH), 
7.90–7.82 (m, 4H, CArH), 7.74 (d, J = 8.0 Hz, 2H, CArH), 2.10–1.95 (m, 4H, CCH2), 1.32–
0.98 (m, 36H, CH2), 0.91–0.81 (m, 6H, CH2CH3), 0.68–0.54 (m, 4H, CH2). 13C NMR (75 
MHz, CDCl3, ppm) δ (1C overlapped) 151.7, 142.6, 140.7, 131.8, 126.6, 121.6, 120.2, 55.6, 
40.1, 31.9, 29.9, 29.6, 29.53, 29.51, 29.3, 29.2, 23.7, 22.7, 14.1. IR (neat, cm−1) 2922, 2852, 
1689, 1609, 1466, 1227, 1066, 1000, 893, 825. HRMS (ESI) m/z calcd for C39H58Cl2N2O2: 
656.38753; found: 656.38793 (|Δ| = 0.61 ppm). 
9,9-Didodecyl-9H -f luorene-2,7-dicarbaldehyde (24).  According to the 
previously described method,[44] a solution of 23 (4.0 g, 6.1 mmol) in 
diethyl ether (125 mL) was cooled to –78 °C and tBuLi (7.8 mL, 13.3 
mmol, 1.7 M) was added dropwise. The reaction mixture was warmed to 
room temperature and stirred for 2 h. The mixture was then cooled to –78 °C and DMF (1.17 
mL, 1.10 g, 15.1 mmol) and diethyl ether (2 mL) was added slowly. The reaction mixture 
warmed to room temperature over 18 h and then poured into an ice-cooled HCl solution (30 
mL, 2 M). The organic layer was separated and the aqueous phase was extracted with Et2O 
(3×50 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was 
evaporated. Column chromatography on silica gel using pentane/ethyl acetate (10/1) afforded 
the pure product (2.62 g, 77%) as a white solid. 1H NMR (300 MHz, CDCl3, ppm) δ 10.10 (s, 
2H, CH=O), 7.97–7.88 (m, 6H, CArH), 2.11–2.01 (m, 4H, CCH2), 1.31–0.96 (m, 36H, CH2), 
0.88–0.83 (m, 6H, CH2CH3), 0.62–0.48 (m, 4H, CH2). 13C NMR (75 MHz, CDCl3, ppm) δ 
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192.1, 152.9, 145.6, 136.4, 130.3, 123.4, 121.3, 55.6, 40.0, 31.9, 29.8, 29.56, 29.55, 29.48, 
29.47, 29.3, 29.2, 23.8, 22.7, 14.1. IR (neat, cm−1) 2921, 2849, 1690, 1605, 1468, 1195, 1186, 
828, 720. HRMS (ESI) m/z calcd for C39H58O2: 558.44368; found: 558.44468 (|Δ| = 1.79 
ppm). 
(1E ,1 'E)-9,9-Didodecyl-9H -f luorene-2,7-dicarbaldehyde dioxime (25).  
According to a previously described method,[13a] hydroxylamine 
hydrochloride (0.52 g, 7.5 mmol) was added to a suspension of 24 
(2.0 g, 3.6 mmol) in a mixture of THF/EtOH/ice (1:1:2; 20 mL). 
This was followed by the dropwise addition of NaOH (0.79 g, 19.7 mmol) in water (5 mL), 
while keeping the temperature of the solution below 30 °C. After stirring at room temperature 
for 1 h, the solution was extracted with diethyl ether. The aqueous phase was acidified to pH 6 
by the addition of concentrated HCl, while keeping the temperature below 30 °C, and again 
extracted with diethyl ether. The combined organic phases were dried over Na2SO4 and the 
solvent was evaporated to give the product as a white solid (2.1 g, 98%), which was used 
without further purification. 1H NMR (300 MHz, CDCl3, ppm) δ 8.24 (s, 2H, N–OH), 8.07 
(s, 2H, CH), 7.14 (d, J = 7.8 Hz, 2H, CArH), 7.62–7.51 (m, 4H, CArH), 2.05–1.94 (m, 4H, 
CCH2), 1.33–0.97 (m, 36H, CH2), 0.91–0.81 (m, 6H, CH2CH3), 0.66–0.52 (m, 4H, CH2). 
13C NMR (75 MHz, CDCl3, ppm) δ (1C overlapped) 151.8, 150.9, 142.3, 131.2, 126.6, 
121.1, 120.4, 55.3, 40.3, 31.9, 30.0, 29.59, 29.55, 29.5, 29.31, 29.26, 23.8, 22.7, 14.10. IR 
(neat, cm−1) 3264, 2922, 2852, 1466, 1131, 1212, 978, 892, 818, 721, 651. HRMS (ESI) m/z 
calcd for C39H60N2O2: 588.46548; found: 588.46459 (|Δ| = 1.51 ppm). 
Polymer P1. See General Procedure 2.2 (p. 62): 21 (130 mg, 0.20 mmol), 22 (114 mg, 
0.20 mmol), CuI (3.8 mg, 19.8 µmol), THF (10 
mL), PMDTA (3.4 mg, 19.8 µmol), 40 °C, 4 d. 
After filtration and evaporation of the solvent, the 
residue was dissolved in minimal amount of CH2Cl2 and precipitated into an excess of MeOH. 
Polymer P1 was obtained as an orange solid (132 mg, 59%). 1H NMR (300 MHz, CDCl3, 
ppm) δ 8.05–7.67 (brm, CArH), 7.56–7.48 (m, CArH), 7.03–6.94 (m, CArH), 2.29–1.92 (m, 
CCH2), 1.34–0.95 (m, CH2), 0.93–0.78 (m, CCH3), 0.77–0.52 (m, CH2). IR (neat, cm−1) 
2928, 2850, 1584, 1450, 1381, 789. 
Polymer P2. See General Procedure 2.2 (p. 62): 21 (130 mg, 0.20 mmol), 22 (114 mg, 
0.20 mmol), [Cp*RuCl(cod)] (9.5 mg, 19.8 µmol), THF (10 mL), 
PMDTA (3.4 mg, 19.8 µmol), 40 °C, 4 d. After filtration and 
evaporation of the solvent, the residue was dissolved in minimal 
amount of CH2Cl2 and precipitated into an excess of MeOH. 
Polymer P2 was obtained as an orange solid (141 mg, 63%). 1H 
NMR (300 MHz, CDCl3, ppm) δ 8.02–7.94 (m, CArH), 7.76–
7.68 (m, CArH), 7.64–7.44 (m, CArH), 7.41–7.28 (m, CArH), 
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7.25–7.11 (m, CArH), 1.93–1.62 (m, CCH2), 1.34–0.89 (m, CH2), 0.89–0.77 (m, CCH3), 
0.77–0.41 (m, CH2). IR (neat, cm−1) 2920, 2850, 1597, 1463, 1368, 1117, 823. 
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In an effort towards the preparation of a synthetic graphene analogue, in 
this chapter, the synthesis of a 2D heteroaromatic macrocyclic structure, 
based on triazole-1,4-diyl and benzene-1,3,5-triyl units, is described. The 
approach is based on the introduction of multiple acetylene-protecting 
groups, their selective removal, and subsequent copper-catalysed azide–
alkyne cycloaddition (CuAAC) reaction of resulting terminal acetylene 
groups. The resulting structure, which originates from two synthons, 
1,3,5-triazidobenzene and 1,3,5-triethynylbenzene, consists of atomically 
flat triazole-containing hexagonal cavities, with alternating orientations of 
triazoles with respect to the former azide or alkyne subunit. Although one 
of the synthons, 1,3,5-triethynylbenzene, was readily commercially 
available, effective routes towards the preparation of 1,3,5-
triazidobenzene needed to be elucidated. With these two synthons in 
hand, an initial single protecting strategy was examined; however, without 
success. Therefore, a dual protecting group approach was introduced, 
together with the incorporation of solubilizing groups, the results of 
which are described herein. 
4.1  Introduction 
In the previous two chapters, the properties of different copper-catalysed cycloaddition 
reaction products, triazoles and isoxazoles, were studied and described. The responsive 
properties of the triazole units upon protonation and metal coordination were shown, and the 
results were supported by theoretical calculations.  
 
Figure 4.1  Basic hexagonal structure of the “click graphene” (cut-out). 
In this chapter, the triazole-1,4-diyl and phenyl-1,3,5-triyl units were used as the two 
building blocks for the construction of functional 1D and 2D heteroaromatic structures. When 
these two bis- and tris-functional units are combined in an alternating manner, a novel 2D 
macrocyclic structure is obtained (Figure 4.1). This novel structure has been given the name 
“click graphene” by our group because it resembles the hexagonal structure of graphene sheets,[1] 
and is obtained by means of click chemistry. The cavities formed this way, should adopt 
properties similar to those of the triazole-containing polymers prepared in Chapter 2, owing to 
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the presence of triazoles. With six nitrogen atoms inside the cavity, each cavity can serve either 
as a multi-dentate ligand to chelate metal ions/clusters or as a hydrogen-bond acceptor. 
Alternatively, the triazole hydrogen atoms pointing into the cavity can serve as hydrogen-bond 
donors. Li and co-workers reported a similar system with hydrogen-bond-donor interactions, 
for which they showed the importance of a rigid structure on binding strength.[2] Recently, 
Flood and co-workers described the anion-binding properties of a carbazole–triazole 
macrocycle.[3] The expected atomically flat character of click graphene should also allow for self-
assembly through π–π interactions to form a 3D stacked structure that possesses functional 
nanochannels, with potential applications in chemistry and materials science.[3,4] These intrinsic 
properties could place click graphene in one class with the emerging group of “organic 
zeolites”[5] and other microporous materials that are characterised by pores smaller than 20 Å. 
These compounds are continuously attracting considerable research interest because of their 
important applications, such as in hydrogen storage.[6] 
Prior to synthesis, molecular modelling with the SPARTAN program (all geometries and 
frequencies (no scaling) calculated at the B3LYP/6-31G level) was carried out to show that click 
graphene, as well as its subunits, adopt a flat structure. The diameter of one cavity was 
calculated to be approximately 9 Å. This was obtained from a simple equation (Eq. 4.1), in 
which a is the known distance between two triazole nitrogen atoms (7.9 Å) that forms the 
vertices of an equilateral triangle, which defines a circle representing the cavity (Figure 4.1). 
 ∅ = 𝑎 23 (4.1) 
When retrosynthetic analysis of click graphene is carried out, two synthons 1 and 2 
(Scheme 4.1) are obtained, both of which contain the benzene 1,3,5-triyl unit substituted with 
three ethynyl (1) or azido groups (2). The tris(acetylene) 1 is a commercially available 
compound, but it can also be prepared from 1,3,5-tribromobenzene (3) by Sonogashira 
coupling. The tris(azide) 2, however, has not been reported and new methodologies to this key 
intermediate (described in detail elsewhere) were developed.[7] 
  
Scheme 4.1  Synthetic strategy towards click graphene. 
4.2  Results  and discussion 
4.2.1  Synthetic strategies  
Macrocycle 4 is the smallest subunit of click graphene that contains three functional 
cavities, and therefore, represents a suitable compound for initial studies (Figure 4.2). To 
prepare the target macrocycle 4, two commonly used methods for the synthesis of dendrimers 
click graphene
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were employed: divergent and convergent.[8] The synthetic strategies for the synthesis of 4, or its 
derivatives, involved the tris(azido) synthon as the core molecule. By using the divergent 
method, in theory, macrocycle 4 could be synthesised in three steps from 2 via the first- and 
second-generation dendritic intermediates 5 and 6, respectively. 
 
Figure 4.2  Synthesis of 4  by using the divergent synthetic approach. 
It is not surprising that the high functionalisation of the two starting compounds 1 and 
2 leads to intra- and intermolecular side reactions and a multitude of products. This approach 
was investigated in preliminary studies, in which it was possible to synthesise the first-
generation dendrimer 5 from the reaction of one equivalent of 2 with an excess of 1. This 
reaction provided the desired product 5 in 30% yield; however, it was accompanied by several 
non-selective side reactions, leading to oligo- and polymeric side products. 
To increase the selectivity of the divergent method, compound 1, as well as subsequent 
intermediates, were functionalised with silyl protecting groups (this approach is hereafter 
referred to as the single-protecting-group approach). Silyl protecting groups can be easily 
removed at any desired point in the synthesis. To overcome possible solubility issues often 
present in oligo- and polymeric aromatic molecules (as a result of π–π interactions),[9] the silyl 
groups were equipped with long alkane (octadecyl) chains (Figure 4.3 and Scheme 4.5). 
 
Figure 4.3  Schematic representation of the divergent single-protecting-group 
approach with acetylene protecting groups. 
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To further reduce the number of the terminal alkynes in key intermediate 5, orthogonal 
protecting groups were incorporated (dual-protecting-group approach). Of the many alkyne 
protecting groups,[10] the triisopropylsilyl (TIPS) and prop-2-ol-2-yl protecting groups were 
selected[11] because, when these groups are present in same molecule, each can be removed 
selectively (the TIPS group with tetrabutylammonium fluoride (TBAF) and prop-2-ol-2-yl with 
NaOH at elevated temperatures) to provide the desired terminal alkyne. For the higher 
generation dendrimers in this dual protecting group approach, a convergent method of 
dendrimer synthesis was chosen. This required a separate synthesis of a bis(azide) “arm”, which, 
when coupled to the dendritic core, should provide the “open-cavity” dendrimer in one step 
(Figure 4.4 and Scheme 4.10, below). Subsequently, an in situ deprotection and CuAAC 
reaction of the terminal acetylene moieties should provide the macrocyclic analogue of 4. 
Because this dual protecting group approach does not contain solubilising octadecyl chains, the 
bis(azide) arm requires functionalisation with solubilising groups. 
  
Figure 4.4  Schematic representation of the convergent dual-protecting-group 
approach. 
Pioneering studies and new methodologies that had to be developed to overcome 
selectivity and solubility problems are described in the following sections. 
4.2.2  Synthesis  of  1,3,5-tr iazidobenzene 
Many effective ways to prepare organic aromatic azides have been reported in the 
literature.[12] They often start from aryl amines and use a simple diazotation reaction. Several 
synthetic routes were examined for the preparation of 2, which have been discussed in detail 
elsewhere,[7] from which two methodologies proved to be most efficient. The first approach 
used 1,3,5-triaminobenzene (7) as the starting compound, which was prepared from 
commercially available 3,5-dinitroaniline (8) through the palladium-catalysed reduction of the 
nitro groups (Scheme 4.2). 
 
Scheme 4.2  Synthesis of triamine 7. 
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Compound 7 decomposes in the presence of acids, which does not allow the 
preparation of this compound by means of typical diazotation reaction conditions. Therefore, a 
method that employed a diazo transfer reagent was used instead. Diazo transfer reagent 9a 
efficiently converted similar types of amines into azides.[13] During its synthesis, however, 
compound 9a proved to be very hygroscopic, which made its isolation as a pure compound and 
handling difficult. It was later discovered that replacing the counter anion Br– with PF6–, by 
adding NaPF6 to the crude reaction mixture, initiated immediate crystallisation of 9b as a white 
crystalline solid in high yield (>99%). Compound 9b was then directly used in the diazotation 
reaction to yield 2 in moderate yield (Scheme 4.3). 
  
Scheme 4.3  Synthesis of 2 starting from 1,3,5-triaminobenzene (7). 
The second approach for the synthesis of 2 involved 1,3,5-tribromobenzene (3) as a 
starting compound, and employed tosyl azide (10) in the role of azido transfer reagent after 
bromine–lithium exchange. This reaction led to the formation of 2 in 26% yield (Scheme 4.4). 
 
Scheme 4.4  Synthesis of 2 starting from 1,3,5-tribromobenzene (3). 
Of all synthetic approaches studied, the two presented herein are the most effective. 
However, when taking into the account the overall yield, number of steps, and elaborate 
preparation of azido/diazo transfer reagents, the second approach, involving tosyl azide 10, was 
found the most efficient. 
Tris(azide) 2 is a potentially explosive molecule[14,15] and it has not been characterised 
and tested for its explosive properties yet. It decomposes in direct light or elevated temperatures; 
therefore, it was always stored in the freezer. It was characterised by the usual set of 
spectroscopic techniques; however, elemental and MS analyses did not provide satisfactory data, 
although the isolated material was seen to be pure by NMR spectroscopy. 
4.2.3  Single-protecting-group approach for the divergent synthesis  of  
c l ick graphene 
To increase the selectivity of the first step in the synthesis, and the solubility of further 
intermediate generations, two of the three acetylene groups were functionalised with the 
dimethyl(octadecyl)silyl protecting group. This was achieved by lithiation of 1 and subsequent 
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reaction with chlorodimethyl(octadecyl)silane. The reaction provided a statistical mixture of 
products, which were separated on a column of silica gel, and yielded the pure bis-protected 
product 11 in 36% yield (Scheme 4.5). 
 
Scheme 4.5  Synthesis of 11. 
The presence of the protecting groups in 11 circumvented the formation of polymeric 
side products in the synthesis of 5, which was obtained in two steps (Scheme 4.6).  
 
Scheme 4.6  Synthesis of 5 with acetylene protecting groups. PMDTA = N,N,N′,N′,N′′-
pentamethyldiethylentriamine. 
The overall yield of this two-step reaction was 60%, probably as a result of the presence 
of long alkane chains, which decrease the diffusion of the reactant and intermediates. However, 
this modified approach represented a clear improvement when compared with the previous 
synthetic procedure, which did not include any acetylene protecting groups. 
According the synthetic strategy in Figure 4.2, when 1,3-diazidobenzene is combined 
with 5, it should provide the second-generation dendrimer 6. To overcome possible solubility 
problems and to introduce functional groups for future dendrimer generations, a substituted 
1,3-diazidobenzene analogue was designed and synthesised (15; Scheme 4.7). A good selectivity 
of the reaction was achieved through the dropwise addition of acetylene 11 into an excess of 
azide 2. 
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Scheme 4.7  Synthesis of 15. 
With both the first-generation dendrimer 5 and bis(azide) 15 in hand, the synthesis of 
the second-generation dendrimer precursor 16 was conducted (Figure 4.5). To suppress the 
formation of possible side products, an approach similar to that used for the synthesis of 15 was 
applied; acetylene 5 was added slowly dropwise to a 30-fold excess of 15 under CuAAC 
conditions. 
 
Figure 4.5  Schematic representation of the synthesis of 16 . 
The excess of the starting bis(azide) 15 was recovered, together with a mixture of other 
products that were separated by size-exclusion chromatography (SEC). Even after repeated 
efforts, however, the presence of the second-generation dendrimer 16 could not be detected in 
either the crude reaction mixtures or any of the fractions collected from SEC. The most likely 
reason why this approach did not provide the desired product is the high functionality of both 
starting compounds (5 and 15), which probably leads to the formation of oligo-/polymeric side 
products. To overcome this issue, a dual-protecting-group approach was devised. 
4.2.4  Dual-protecting-group approach 
As shown above, the main problem of the single-protecting-group approach was the 
high functionality of the starting compounds when increasing the dendrimer size. Thus, a 
modified version of central precursor 5, compound 17, was designed. In 17, three of the six 
acetylene groups carry a protecting group and three are terminal acetylenes. This approach 
clearly requires two orthogonal acetylene protecting groups. The synthesis of 17 starts with 
tris(azide) 2, as in the case of 5. The analogue of 1 containing multiple protecting groups was 
obtained with three consecutive Sonogashira coupling reactions, starting from 1,3,5-
tribromobenzene (3), as summarized in Scheme 4.8. 
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Scheme 4.8  Synthesis of first-generation dendrimer precursor 21. TIPSA = 
(triisopropylsilyl)acetylene, TMSA = trimethylsilyl azide. 
It was found that low catalyst loadings (0.1%) were crucial for promoting the formation 
of the monosubstituted product. The protecting group prop-2-ol-2-yl was introduced first, as a 
result of high polarity differences induced by the OH group, which allowed for the easy 
separation of 18 from the unreacted starting compound 3 (18%), as well as from the product 
of bis-coupling (12%) present in the reaction mixture. 
The following step was coupling with a TIPS-protected acetylene because it provided a 
better separation from side products than less bulky TMSA. A lower reaction temperature and 
longer reaction time resulted in increased selectivity to provide 19 in 60% yield, accompanied 
by unreacted starting compound 18 (16%) and the product of bis-coupling (17%). 
The third acetylene moiety was introduced by using a trimethylsilyl (TMS)-protected 
acetylene. Accordingly, compound 19 was combined with a slight excess of TMSA, again under 
Sonogashira coupling conditions, to provide 20 in nearly quantitative yield. The TMS group 
was removed with K2CO3 at room temperature, which left the remaining two protecting groups 
unaffected, yielding 21. With the tris(acetylene) 21 in hand, the semiprotected first-generation 
dendrimer could be prepared (Scheme 4.9). 
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Scheme 4.9  Synthesis of the modified first-generation dendrimers 17 and 23. 
By omitting the long solubilising octadecyl tails on the silyl-protecting group, the yield 
of this reaction increased to 80%; up from 60% in the synthesis of 14 (Scheme 4.6).  
Treating the first-generation dendrimer 22 with an excess of NaOH led to almost 
quantitative cleavage of the prop-2-ol-2-yl protecting group. The intermediates (compounds in 
which one or two protected groups were removed) were observed in very small quantities (TLC), 
but could not be isolated and characterised. The large polarity effect given by the prop-2-ol-2-yl 
protecting group allowed for the easy separation of product 17 from traces of intermediates in 
80% yield. When treating 22 with TBAF, only the TIPS groups were removed, and the desired 
molecule 23 was obtained in 98% yield. Of these two possible first-generation dendrimers 17 
and 23, both containing three terminal acetylenes, dendrimer 17 was chosen for the following 
synthetic steps, since it contains only the TIPS protecting groups, which can be removed in 
higher generation dendrimers under milder conditions than the prop-2-ol-yl groups in 23. 
In accordance with the selected dual-protecting-group synthetic strategy (Figure 4.4), 
the bis(azide) can be prepared from two synthons: 1,3-diethynylbenzene and 1,3-
diazidobenzene (or their functionalised analogues). By choosing different starting compounds, 
both of them can be functionalised with, for instance, solubilizing groups or protected 
acetylenes, which allows for functionalisation in later steps. Initially, the functionalities were 
introduced only into the central phenyl ring because the starting compounds for these materials 
were readily available from the synthesis of 18. Compound 18 was coupled under Sonogashira 
conditions with an excess of TMSA to provide 24. The TMS groups were removed under basic 
conditions to provide 25 with an overall yield of 61% over 2 steps (Scheme 4.10). 
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Scheme 4.10  Synthesis of 25. 
A C10-functionalised analogue of 25 was prepared from 26, which was a side product in 
the synthesis of 18. Compound 26 was then coupled with 1-dodecyne, providing 27, and, 
after reflux in the presence of NaOH, the second 1,3-diethynylbenzene analogue 28 was 
obtained (Scheme 4.11).  
 
Scheme 4.11  Synthesis of 28. 
To promote the selectivity of the reaction of 1,3-diazidobenzene[16] (29) with 25 or 28, 
an excess of 29 was used in these reactions (10 and 20 times, respectively). In both cases, it was 
possible to isolate the desired bis(azide) arm in good yield, and the increased excess of 29 had a 
positive influence on the yield of 31 compared with the yield of 30 (Scheme 4.12).  
 
Scheme 4.12  Synthesis of the bis(azide) arms 30 and 31. 
For the synthesis of the third-generation open-cavity dendrimers 32 and 33, the core 
molecule 17 was added slowly, under CuAAC conditions, to an excess (30 equiv) of the 
bis(azide) arm 30 or 31 (Scheme 4.13). 
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Scheme 4.13  Extending the dendrimer through a click reaction of core molecule 17 with 
the extended bis(azide) arm. 
After the reaction, the excess of 30 or 31 was retrieved by chromatography over a short 
column of silica gel. The remaining fractions were then separated by SEC, and analysed 
individually by 1H NMR spectroscopy and MALDI-ToF spectrometry. However, after several 
reaction trials, neither 32 nor 33 could be found in the obtained fractions. Moreover, the 
isolated compounds (mixtures) showed only poor solubility in common organic solvents. 
To address the solubility issue, additional solubilising oligo(ethyleneglycol) (OEG) 
groups were introduced into the bis(azide) arm, one on each of the benzene rings (34). 
Functionalised 1,3-diazidobenzenes were prepared from 3,5-dinitrobenzoic acid (35). Two 
routes were investigated (Scheme 4.14), which differed only in the order of the reaction steps. 
The first step was performed by using an esterification catalyst: DPTS.[17] After reduction of the 
nitro groups in 36, amine 37 underwent a diazotation reaction. Problems in the workup of 40 
resulted in a reverse reaction sequence: firstly, the reduction of 35, followed by diazotation of 
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38, to provide bis(azide) 39, which was subsequently esterified, and yielded 40 in 27% overall 
yield. 
 
Scheme 4.14  Synthetic routes towards the synthesis of 40. DPTS = 4-dimethyl-
aminopyridinium p-toluenesulfonate, DIC = diisopropylcarbodiimide. 
The acetylene-functionalised OEG analogue was conveniently prepared from 
commercially available 3,5-dibromobenzoic acid (41; Scheme 4.15), which was coupled with 
TMSA under Sonogashira coupling conditions, providing 42 and subsequently esterified to 
give 43. Removal of the TMS group, yielding bis(acetylene) 44, was carried out in the presence 
of TBAF, instead of commonly used K2CO3, because the basic environment induced by the 
carbonate, together with MeOH as the solvent, resulted in the transesterification of 43. 
 
Scheme 4.15  Synthesis of acetylene-containing precursor 44. 
For the preparation of the modified bis(azide) arm 45, bis(acetylene) 44 was treated 
with an excess of bis(azide) 40 under CuAAC conditions (Scheme 4.16). This time, 20 
equivalents of the azide were used for the reaction, which increased the yield of 45 to 75% (up 
from 60% in the synthesis of 31). 
 
Scheme 4.16  Synthesis of the modified bis(azide) arm 45. 
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For the synthesis of the OEG-functionalised open-cavity dendrimer 46 (Scheme 4.13), 
a concentrated solution of 17 was added dropwise to a solution containing a large excess of 45 
under CuAAC conditions. Compound 45 was used in 20, 30 and 40 equivalents to drive the 
reaction to completion and to avoid, as far as possible, the formation of polymeric side products. 
MADLI-ToF MS was used to scan for desired product in the crude mixture and in the 
purified fractions. Azide moieties were reduced to amines by means of the Staudinger 
reaction[18] to avoid known difficulties in the mobility of large azide-containing molecules 
during mass analysis. The analysis did not show the presence of any high-molecular-weight side 
products in the crude mixture (above 5000 a.m.u.). Surprisingly, the exact mass of expected 
product or intermediates was not observed either. 
To separate compound 46 from impurities present, chromatography on silica gel and 
SEC were investigated. Separation on a column of silica gel did not provide sufficient separation 
of the reaction mixture. Therefore, SEC was conducted with dichloromethane or toluene as 
eluents. In both solvents, it was possible to retrieve all excess bis(azide) arm 45 as a pure 
compound, but for the higher molecular masses toluene showed better separation, probably due 
to its aromatic nature. 
The 1H NMR spectra of the collected fractions showed broadening of the signal at low 
field, similar to those of other OEG-containing polymeric compounds. In the aromatic region, 
the expected aromatic signals became very low and broad. A possible explanation for the broad 
aromatic 1H NMR signals, as well as for difficulties in purification by SEC, could be strong 
intramolecular π–π interactions between molecules of 46 or between the intermediates most 
likely to form, 47 and 48 (Scheme 4.17). 
The favourable geometry of the aromatic flat structure can make these molecules prone 
to assemble into 3D π-stacks. Despite the large excess of 45 in the final steps, the formation of 
intermediates 47 and 48 and their intramolecular CuAAC reaction cannot be excluded 
(Scheme 4.17). These reactions result in the formation of geometrically asymmetric compounds 
49 and 50, which possess the target dendritic cavity. However, their presence could not be 
confirmed by MALDI-ToF or identified in the 1H NMR spectrum. 
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Scheme 4.17  Possible side products and their intramolecular side reactions. 
Further attempts towards the separation of the reaction mixture were made by taking 
advantage of the effects of small cations Na+ and Li+. Alkali cations are known to interact with 
π-systems;[19] thus, in this case, they could promote the de-aggregation of the π-stacks, which 
were expected to be formed in the reaction mixture, preventing an efficient separation. The 
glycol tails, which were introduced into the dendritic structure for solubilisation purposes, 
could also further promote the selectivity of the separation because they are known to interact 
well with small alkali-metal ions. At first, the intercalation effect was studied on a small scale, by 
using a TLC plate, functionalised with an aqueous solution of NaBr, under various conditions 
and eluent mixtures (for details, see the Experimental section). Unlike previous attempts on 
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non-functionalised TLC plates, with this procedure, it was possible to observe two different 
bands on the plate. From the two bands observed, one was strongly attached to the baseline and 
did not move upon washing the silica gel with dichloromethane. The second band was washed 
from the silica gel and analysed by conventional methods, however, the target compound could 
not be observed. When analysing these bands on a larger scale, by using preparative TLC for the 
separation of the reaction mixture, no improvements in the 1H NMR or MALDI-ToF spectra 
were observed. Therefore, the presence of the desired product, or possible side products, could 
not be confirmed.  
As discovered later, the use of relatively large amounts of CuI could have been one of the 
main causes of the unsuccessful synthetic strategy. During the preparation of the higher 
generations of dendritic compounds (Figure 4.5 and Scheme 4.13), the synthesis relied on using 
high-dilution techniques combined with a large excess of one of the reactants, usually the 
bis(azides). Furthermore, during these reactions, equimolar amounts of CuI were used to 
promote completion of the reaction and avoid the possible formation of undesired polymeric 
side products. As described elsewhere,[20] copper(I) acetylides tend to aggregate, which not only 
provides a resting state for the catalyst, but can also stall the catalytic cycle.[21] Thus, instead of 
reacting with excess bis(azides), the multi-valent acetylenes (such as 5, 17 and 23) form 
undesired copper(I) aggregates under the above-described reaction conditions. The use of excess 
CuI could be circumvented by the incorporation of templating agents, commonly used in 
macrocyclic chemistry (e.g., transition metals).[22] These could mediate the prearrangement of 
the open macrocyclic cavities and promote completion of the reaction in the desired direction. 
A possible improvement for the isolation of the desired products could be the incorporation of a 
higher number of, or longer, glycol solubilising units because they had a positive effect on the 
solubility of the prepared compounds. This would also increase the mass difference between the 
starting compounds, the products, and the side products; thus, making separation by SEC an 
efficient method.  
4.3  Conclusion 
A follow-up study towards the synthesis of click graphene based on alternating benzene 
and triazole units was conducted. The results of the initial studies[7] were improved by 
introducing a higher degree of orthogonality into the studied system. A novel dual-protecting-
group approach was introduced, and combined with a convergent dendrimer synthetic 
methodology. The dendritic core prepared this way in high yields bore orthogonal acetylene 
protecting groups. To expand this core, multiple macrocycle precursors were explored to 
increase the solubility of the anticipated products. The OEG chains were the most suitable 
functionalities for this purpose. Although the solubility of the product mixture was improved 
during synthesis, the available separation methods, in combination with the characterisation 
methods used, did not provide any evidence for the formation of the desired products. 
Decreasing the amounts of CuI catalyst used, together with templated synthesis, and the 
incorporation of longer solubilising groups, could afford the isolation of the key products. 
Click graphene 
 115 
4.4  Acknowledgements 
Dr. Michal Juríček, Riccardo Scarfiello, Tim Woltinge, Gemma Justribó Hernández and 
Dr. Joseph Sly are kindly acknowledged for their contribution to this chapter. 
4.5  Experimental  section 
General .  For general information, see Experimental section 2.5 (p. 60). 4-
Methylbenzenesulfonyl azide (10),[23] 1,3-diazidobenzene (29)[16] and DPTS[17] were prepared 
by following procedures reported in the literature.  
4.5.1  Synthesis  of  the tr is(azide) and tr is(acetylene) precursors  
1,3,5-Triaminobenzene (7).  NOTE: The product is sensitive to acidic conditions! 
Prior to this reaction, ethyl acetate was washed with NaOH (2 M) and distilled 
over Na2CO3. All glassware was successively washed with NaOH (2 M), distilled 
water, and iPrOH. To a solution of 8 (3.5 g, 19 mmol) in ethyl acetate (100 
mL), Pd/C (0.34 g, 10% (w/w)) and few drops of pyridine were added. The solution was stirred 
on a hydrogenation machine under a pressure of 3 atm of H2 for 3 h (H2 was being consumed 
for approximately 1 h). The solution was separated from Pd/C (which was bound to pyridine) 
by decantation. Recrystallisation from ethyl acetate provided the pure product (1.8 g, 72%) as a 
white crystalline solid. The product was stored in the freezer. 1H NMR (300 MHz, DMSO-d6, 
ppm) δ 5.14 (s, 3H, CArH), 4.32 (s, 6H, NH2). 13C NMR (75 MHz, DMSO-d6, ppm) δ 149.3, 
90.8. IR (neat, cm–1) ῦmax 3500–3000, 1593, 1493, 1182, 819, 683. The NMR spectroscopic 
data are in agreement with those previously reported.[24]  
[Tri(diethylamino)phosphoranylidene]tr iaz-1-yn-2-ium 
hexafluorophosphate (9b).  NOTE: This product is hygroscopic! Similar 
to the previously described method,[13] N,N,N',N',N'',N''-
hexaethylphosphinetriamine (13.0 mL, 46.8 mmol) was added dropwise to a 
cooled stirred (0 °C) solution of Br2 (2.42 mL, 46.8 mmol) in THF (60 mL). 
The resulting mixture was stirred at 0 °C for an additional 1 h before NaN3 
(3.34 g, 56.0 mmol) and a catalytic amount of 18-crown-6 were added. The reaction mixture 
was then stirred at room temperature for 2 days under an argon atmosphere before a solution of 
NaPF6 (9.41 g, 56.0 mmol) in THF (30 mL) was added dropwise. Filtration of the crude 
reaction mixture provided the pure product (20 g, >99%) as a white crystalline solid. 1H NMR 
(400 MHz, CDCl3, ppm) δ 3.16 (dq, JPH = 12.5 Hz, JHH = 7.2 Hz, 12H, CH2), 1,20 (t, J = 7.3 
Hz, 18H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 40.2 (d, JPC = 4.1 Hz, CH2), 13.2 (d, JPC 
= 2.3 Hz, CH3). IR (neat, cm–1) ῦmax 2983, 2923, 2852, 2161 (N3), 1597, 1467, 1386, 1285, 
1211, 1154, 1026, 912, 838, 797, 731, 557. HRMS (ESI) m/z calcd for C12H30N6P+: 
289.22696; found: 289.22544 (|Δ| = 5.26 ppm). 
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1,3,5-Triazidobenzene (2).  NOTE: This compound has not yet been tested for 
potential explosive properties! 
Method A. [25] Compound 7 (0.94g, 7.7 mmol) was dissolved in THF (60 mL) and cooled to 
−78 °C. After the addition of nBuLi (1.6 M in hexane, 5.6 mL, 9.0 mmol), the 
solution was stirred for 10 min before 9b (4.0 g, 9.0 mmol in THF (20 mL)) was 
added dropwise. Two further additions of nBuLi and 3 were carried out (same 
quantities as above) and, upon completion of the additions, the resulting mixture was stirred for 
1 h at −78 °C before being warmed to RT and treated with NH4Cl (0.25 M, 100 mL). The 
aqueous layer was extracted with CH2Cl2 and the organic layer was separated, dried over 
Na2SO4, and the solvent was evaporated. The crude mixture was purified by column 
chromatography (hexane) on silica gel to provide the product (350 mg, 25%) as light brown 
crystals. 
Method B.[26] A solution of 3 (1.5 g, 4.9 mmol) in THF (12 ml) was added dropwise to a 
cooled solution (–78 °C) of nBuLi (27 mL, 44 mmol, 1.6M in hexanes) in THF (50 mL) and 
the mixture was stirred for 15 min at the same temperature. After the dropwise addition of a 
solution of 10 (8.6 g, 44 mmol) in THF (9 mL), the mixture was warmed to room temperature 
and stirred overnight. The reaction was quenched with NH4Cl (50 mL, 1 M). The aqueous 
layer was extracted three times with Et2O and the combined organic layers were dried over 
Na2SO4. After filtration, the solvent was evaporated and the crude mixture was purified by 
column chromatography, with pentane as the eluent, to provide the product (0.25 g, 26%). 1H 
NMR (300 MHz, CDCl3, ppm) δ 6.45 (s, 3H, CArH). 13C NMR (75 MHz, CDCl3, ppm) δ 
143.2, 106.1. IR (neat, cm–1) ῦmax 2145 (N3), 2119 (N3), 2097 (N3), 1590, 1463, 1267, 943, 
832, 690, 667. The molecular ion signal could not be detected by any of the available MS 
techniques. 
[(5-Ethynyl-1,3-phenylene)bis(ethyne-2,1-
diyl)]bis[dimethyl(octadecyl)s i lane] (11).  Compound 1 (0.50 g, 
3.3 mmol) in THF (30 mL) was cooled to −78°C, and treated with nBuLi 
(1.6 M in hexanes, 2.08 mL, 3.33 mmol). After stirring for 20 min, 
chlorodimethyl(octadecyl)silane (1.25 g, 3.5 mmol) in THF (20 mL) was 
added. The addition of nBuLi and chlorodimethyl(octadecyl)silane was 
repeated after a further 30 min. The reaction mixture was allowed to warm to room 
temperature, and then stirred overnight, before it was quenched with water and extracted with 
CH2Cl2. The organic layer was separated, dried over Na2SO4, and the solvent was removed to 
give a mixture of three reaction products as a brown oil. The products were separated by 
column chromatography (hexane) on silica gel to give 11 as a colourless oil (0.90 g, 36%), 12 
as white crystals (0.20 g, 14%), and 13 in the form of light brown crystals (1.3 g, 36%). 1H 
NMR (300 MHz, CDCl3, ppm) δ 7.52 (t, J = 1.5 Hz, 1H, CArH), 7.49 (d, J = 1.6 Hz, 2H, 
CArH), 3.07 (s, 1H, CCH), 1.48−1.18 (m, 64H, CH2), 0.92–0.82 (m, 6H, CH2CH3), 0.71–
0.62 (m, 4H, SiCH2), 0.20 (s, 12H, SiCH3). 13C NMR (75 MHz, CDCl3, ppm) δ (6C 
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overlapped) 135.5, 135.2, 124.0, 122.8, 103.2, 95.6, 81.8, 78.4, 33.2, 32.0, 29.74, 29.72, 
29.68, 29.6, 29.38, 29.35, 23.8, 22.7, 16.0, 14.1, −1.8. IR (neat, cm–1) ῦmax 3308, 2954, 2921, 
2852, 2160, 1578, 1464, 1413, 1249, 1162, 984, 949, 884, 840, 826, 779, 711, 682, 651, 621. 
Anal calcd for C52H90Si2 80.96 (C), 11.76 (H); found: 80.95 (C), 11.74 (H). The molecular 
ion signal for the products of this reaction 11, 12 and 13 could not be detected by any of the 
available MS techniques.  
[(3,5-Diethynylphenyl)ethynyl]dimethyl(octadecyl)s i lane (12).  Compound 
12 was isolated as a side product of the synthesis of 11. 1H NMR (300 MHz, 
CDCl3, ppm) δ 7.54 (d, J = 1.5 Hz, 2H, CArH), 7.52 (t, J = 1.5 Hz, 1H, CArH), 
3.08 (s, 2H, CCH), 1.48−1.15 (m, 32H, CH2), 0.92–0.82 (m, 3H, CH2CH3), 
0.72–0.62 (m, 2H, SiCH2), 0.20 (s, 6H, SiCH3). 13C NMR (75 MHz, CDCl3, 
ppm) δ (6C overlapped) 135.5, 135.2, 124.0, 122.8, 103.2, 95.7, 81.8, 78.4, 
33.2, 31.9, 29.74, 29.72, 29.67, 29.6, 29.4, 29.3, 23.8, 22.7, 16.0, 14.1, −1.8. IR (neat, cm–1) 
ῦmax 3307, 2953, 2920, 2850, 2162, 2122, 1577, 1464, 1412, 1297, 1249, 1158, 968, 884, 
842, 826, 779. 
1,3,5-Tris{[dimethyl(octadecyl)s i ly l]ethynyl}benzene (13).  Compound 13 
was isolated as a side product of the synthesis of 11. 1H NMR 
(300 MHz, CDCl3, ppm) δ 7.47 (s, 3H, CArH), 1.50−1.15 (m, 
96H, CH2), 0.95–0.82 (m, 9H, CH2CH3), 0.73–0.60 (m, 4H, 
SiCH2), 0.20 (s, 12H, SiCH3). 13C NMR (75 MHz, CDCl3, ppm) 
δ (6C overlapped) 135.5, 135.2, 124.0, 122.8, 103.2, 95.6, 81.8, 
78.4, 33.2, 32.0, 29.74, 29.72, 29.68, 29.6, 29.38, 29.35, 23.8, 
22.7, 16.0, 14.1, −1.8. IR (neat, cm–1) ῦmax 3308, 2954, 2921, 2852, 2160, 1578, 1464, 1413, 
1249, 1162, 984, 949, 884, 840, 826, 779, 711, 682, 651, 621. 
4-(3,5-Dibromophenyl)-2-methylbut-3-yn-2-ol (18).  See General Procedure 
2.2 (p. 62): 3 (2.0 g, 6.35 mmol), CuI (8 mg, 37 µmol), [Pd(PPh3)4] (7.3 mg, 6 
µmol), THF/Et3N (20 mL, 1/1), 2-methylbut-3-yn-2-ol (0.53 g, 6.35 mmol), 
60 °C, 15 h. Column chromatography on silica gel, with pentane/ethyl acetate 
(1/1) as the eluent, afforded the pure product (1.4 g, 70%) as a yellow solid, and 
the product of the bis-coupling 26 (0.24 g, 12%) as a white solid. 1H NMR (300 
MHz, CDCl3, ppm) δ 7.61 (t, J = 1.8 Hz, 1H, CArH), 7.49 (d, J = 1.8 Hz, 2H, CArH), 2.19 (s, 
1H, OH), 1.60 (s, 6H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 134.0, 133.1, 126.1, 122.5, 
96.4, 79.3, 65.5, 31.3. IR (neat, cm–1) ῦmax 3343, 2980, 2358, 2328, 1580, 1541, 1398, 1165, 
746. HRMS (EI) m/z calcd for C11H10Br2O: 315.9101; found: 315.9102 (|Δ| = 0.3 ppm). 
4,4'-(5-Bromo-1,3-phenylene)bis(2-methylbut-3-yn-2-ol)(26).  Compound 
26 was isolated as a side product of the synthesis of 18 and a dedicated 
synthetic procedure for this compound was reported elsewhere.[27] 1H 
NMR (300 MHz, CDCl3, ppm) δ 7.47 (d, J = 1.4 Hz, 2H, CArH), 7.38 
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(t, J = 1.4 Hz, 1H, CArH), 2.21 (s, 2H, OH), 1.59 (s, 12H, CH3). 13C NMR (75 MHz, CDCl3, 
ppm) δ 134.0, 133.3, 124.7, 121.7, 95.6, 80.0, 65.5, 31.3. IR (neat, cm–1) ῦmax 3329, 2978, 
2932, 2866, 2247, 1584, 1552, 1424, 1363, 1241, 1164, 1147. The NMR spectroscopic data 
were in agreement with those previously reported.  
4-{3-Bromo-5-[(tr i isopropyls i ly l)ethynyl]phenyl}-2-methylbut-3-yn-2-ol 
(19). See General Procedure 2.2 (p. 62): 18 (1.0 g, 3.23 mmol), CuI (3.9 
mg, 20 µmol), [Pd(PPh3)4] (3.9 mg, 3 µmol), THF/Et3N (10 mL, 1/1), 
(triisopropylsilyl)acetylene (0.59 g, 3.23 mmol), room temperature, 3 days. 
Column chromatography on silica gel, with pentane/ethyl acetate (5/1) as 
the eluent, afforded the pure product (0.8 g, 60%) as a yellow oil. 1H NMR 
(300 MHz, CDCl3, ppm) δ 7.53 (t, J1 = 1.8 Hz, J2 = 1.5 Hz, 1H, CArH), 
7.48 (t, J1 = 1.8 Hz, J2 = 1.5 Hz, 1H, CArH), 7.44 (t, J1 = 1.5 Hz, J2 = 1.5 Hz, 1H, CArH), 2.04 
(s, 1H, OH), 1.60 (s, 6H, CH3), 1.12 (m, 21H). 13C NMR (75 MHz, CDCl3, ppm) δ 134.3, 
134.0, 133.6, 125.4, 124.6, 121.6, 104.4, 95.7, 93.1, 80.0, 65.5, 31.3, 18.6, 11.2. IR (neat, 
cm–1) ῦmax 3322, 2941, 2863, 2154, 1584, 1554, 1217, 1165, 880, 672. Anal calcd for 
C22H31BrOSi: C 62.99, H 7.45; found: C 62.85, H 7.52. 
2-Methyl-4-{3-[(tr i isopropyls i ly l)ethynyl]-5-
[(tr imethyls i ly l)ethynyl]phenyl}but-3-yn-2-ol (20). See 
General Procedure 2.2 (p. 62): 19 (0.51 g, 1.22 mmol), CuI (4.6 mg, 
24 µmol), [Pd(PPh3)4] (28.4 mg, 24 µmol), THF/Et3N (10 mL, 1/1), 
(trimethylsilyl)acetylene (0.14 g, 1.46 mmol), 60 °C, 15 h. Column 
chromatography on silica gel, with pentane/ethyl acetate (4/1) as the 
eluent, afforded the pure product (0.5 g, 97%) as a yellow oil. 1H NMR 
(300 MHz, CDCl3, ppm) δ 7.48 (t, J = 1.5 Hz, 1H, CArH), 7.45–7.43 (m, 2H, CArH), 2.02 (s, 
1H, OH), 1.60 (s, 6H, CH3). 1.12 (m, 21H), 0.24 (s, 9H, SiCH3). 13C NMR (75 MHz, 
CDCl3, ppm) δ 134.8, 134.7, 134.6, 124.0, 123.6, 123.2, 105.1, 103.2, 95.6, 94.8, 92.1, 80.6, 
65.5, 31.4, 18.6, 11.2, –0.2. IR (neat, cm–1) ῦmax 3339, 2937, 2859, 2154, 1580, 1459, 1411, 
1247, 1165, 983, 880, 845, 759, 681. Anal calcd for C27H40OSi2: C 74.25, H 9.23; found: C 
74.49, H 9.35. 
4-{3-Ethynyl-5-[(tr i isopropyls i ly l)ethynyl]phenyl}-2-methylbut-3-yn-2-
ol (21). See General Procedure 2.3 (p. 62): 20 (0.43 g, 0.98 mmol), 
K2CO3 (1.35 g, 10 mmol), THF/MeOH (50 mL, 4/1), room temperature, 
1 h. Purification on a short column of silica gel, with heptane/ethyl acetate 
(4/1) as the eluent, provided the pure product (0.34 g, 96%) as a colourless 
oil. 1H NMR (300 MHz, CDCl3, ppm) δ 7.51 (t, J = 1.5 Hz, 1H, CArH), 
7.48 (t, J = 1.5 Hz, 1H, CArH), 7.46 (t, J = 1.5 Hz, 1H, CArH), 3.07 (s, 1H, 
CCH), 2.04 (s, 1H, OH), 1.60 (s, 6H, CH3), 1.12 (m, 21H). 13C NMR (75 MHz, CDCl3, 
ppm) δ 135.1, 135.0, 134.6, 124.1, 123.4, 122.6, 105.0, 95.0, 92.4, 81.9, 80.5, 78.3, 65.5, 
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31.4, 18.6, 11.2. IR (neat, cm–1) ῦmax 3304, 2940, 2863, 2155, 1577, 1463, 1411, 1364, 1223, 
1167, 959, 881, 679. Anal calcd for C24H32OSi: C 79.06, H 8.85; found: C 79.42, H 9.97. 
4-{3,5-Bis[(tr imethyls i ly l)ethynyl]phenyl}-2-methylbut-3-yn-2-ol (24). 
See General Procedure 2.2 (p. 62): 18 (0.5 g, 1.57 mmol), CuI (30 mg, 
0.16 mmol), [Pd(PPh3)4] (91 mg, 79 µmol), THF/Et3N (20 mL, 1/1), 
(trimethylsilyl)acetylene (0.46 g, 4.72 mmol), 60 °C, 15 h. Column 
chromatography on silica gel, with heptane/ethyl acetate (2/1) as the 
eluent, afforded the pure product (0.5 g, 90%) as a yellow oil. 1H NMR 
(300 MHz, CDCl3, ppm) δ 7.49 (t, J = 1.5 Hz, 1H, CArH), 7.44 (d, J = 1.6 Hz, 2H, CArH), 
1.99 (s, 1H, OH), 1.59 (s, 6H, CH3), 0.23 (s, 18H, SiCH3). 13C NMR (75 MHz, CDCl3, 
ppm) δ 134.8, 134.6, 123.7, 123.2, 103.1, 95.6, 94.8, 80.5, 65.5, 31.4, –0.2. IR (neat, cm–1) 
ῦmax 3343, 2963, 2155, 1580, 1416, 1251, 1161, 983, 841, 759, 646. The spectroscopic data 
were in agreement with those previously reported.[28] 
4-(3,5-Diethynylphenyl)-2-methylbut-3-yn-2-ol (25). See General Procedure 
2.3 (p. 62): 24 (0.5 g, 1.42 mmol), K2CO3 (2.0 g, 14 mmol), THF/MeOH (50 
mL, 4/1), room temperature, 2 h. Purification on a short column of silica gel, 
with heptane/ethyl acetate (2/1) as the eluent, provided the pure product (0.21 g, 
68%) as a colourless oil. 1H NMR (300 MHz, CDCl3, ppm) δ 7.52 (t, J = 1.4 
Hz, 1H, CArH), 7.50 (d, J = 1.4 Hz, 2H, CArH), 3.09 (s, 2H, CCH), 2.05 (s, 1H, 
OH), 1.60 (s, 6H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 135.2, 135.1, 123.5, 122.8, 
95.21, 81.7, 80.3, 78.5, 65.5, 31.3. IR (neat, cm–1) ῦmax 3287, 2980, 2358, 1580, 1415, 1221, 
1165, 945, 884, 611. 
4,4'-[5-(Dodec-1-yn-1-yl)-1,3-phenylene]bis(2-methylbut-3-yn-2-ol)  
(27). See General Procedure 2.2 (p. 62): 26 (1.36 g, 4.2 mmol), CuI 
(49 mg, 0.21 mmol), [Pd(PPh3)4] (116 mg, 0.11 mmol), THF/Et3N (15 
mL, 1/2), 1-dodecyne (1.1 g, 6.3 mmol), 50 °C, 15 h. Column 
chromatography on silica gel, with heptane/ethyl acetate (4/1) as the 
eluent, afforded the pure product (1.1 g, 63%) as a yellow oil. 1H NMR 
(300 MHz, CDCl3, ppm) δ 7.38–7.32 (m, 3H, CArH), 2.37 (t, J = 7.0 
Hz, 2H, CCH2), 2.04 (s, 2H, OH), 1.59 (s, 12H, CCH2), 1.58–1.50 (m, 2H, CH2), 1.48–1.36 
(m, 2H, CH2), 1.36–1.20 (m, 12H, CH2), 0.88 (t, J = 6.6 Hz, 3H, CH3). 13C NMR (75 MHz, 
CDCl3, ppm) δ 134.2, 133.5, 124.6, 123.1, 94.6, 91.9, 80.73, 65.5, 31.9, 31.4, 29.6, 29.5, 
29.3, 29.1, 28.9, 28.6, 22.7, 19.3, 14.1. IR (neat, cm–1) ῦmax 3347, 2976, 2924, 2859, 2349, 
2232, 1696, 1584, 1455, 1359, 1238, 1169, 945, 880, 681, 556.  
1-(Dodec-1-yn-1-yl)-3,5-diethynylbenzene (28). See General Procedure 2.3 (p. 
62): 27 (0.39 g, 0.96 mmol), NaOH (0.77 g, 19 mmol), toluene (100 mL), 
reflux, 15 h. Column chromatography over silica gel, with pentane as the eluent, 
afforded the pure product (0.18 mg, 71%) as a white solid. 1H NMR (300 
MHz, CDCl3, ppm) δ 7.50 (t, J = 1.4 Hz, 1H, CArH), 7.49 (d, J = 1.4 Hz, 2H, 
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CArH), 3.09 (s, 2H, CCH), 2.40 (t, J = 7.0 Hz, 2H, CCH2), 1.68–1.52 (m, 2H, CH2), 1.52–
1.39 (m, 2H, CH2), 1.39–1.23 (m, 12H, CH2), 0.97–0.86 (m, 3H, CH3). 13C NMR (75 MHz, 
CDCl3, ppm) δ 135.2, 134.3, 124.9, 122.6, 92.3, 82.0, 78.8, 78.1, 31.9, 29.6, 29.5, 29.3, 29.1, 
28.9, 28.5, 22.7, 19.3, 14.1. IR (neat, cm–1) ῦmax 3304, 2924, 2855, 2237, 2111, 1778, 1576, 
1467, 1411, 1230, 880, 655, 620.  
2-[2-(2-Dethoxyethoxy)ethoxy]ethyl 3,5-dinitrobenzoate (36). According 
to the previously described method,[29] in a three-necked flask, 34 (21.8 g, 
103 mmol) and 35 (14.6 g, 89.2 mmol) were dissolved in dry THF (60 mL). 
After cooling the mixture to 0 °C under an argon atmosphere, DPTS (6.57 g, 
22.3 mmol) dissolved in CH2Cl2 (100 mL) was added. To this mixture, DIC 
(14.6 g, 116 mmol) was added dropwise over 5 min, whereupon the mixture became viscous. 
After 10 min, the mixture was allowed to reach room temperature and was stirred overnight. 
The reaction was quenched with water (70 mL) and stirred for 50 min. After removal of the 
solvents, the residue was dried under vacuum for 1 h. Then toluene (400 mL) was added and 
the mixture was heated to 80 °C under stirring to achieve a homogenous suspension. After 
cooling, the white solid was filtered off. Column chromatography on silica gel, with 
pentane/ethyl acetate (7/3 →8/5→1/1→2/3→0/1) as the eluent, afforded the pure product 
(31.3 g, 98%) as a pale white oil. 1H NMR (300 MHz, CDCl3, ppm) δ 9.22 (t, J = 2.1 Hz, 1H, 
CArH), 9.17 (d, J = 2.1 Hz, 2H, CArH), 4.63–4.57 (m, 2H, OCH2), 3.92–3.86 (m, 2H, OCH2), 
3.75–3.61 (m, 6H, OCH2), 3.56–3.50 (m, 2H, OCH2), 3.35 (s, 3H, OCH3). 13C NMR (75 
MHz, CDCl3, ppm) δ 162.5, 148.6, 133.8, 129.5, 122.4, 71.9, 70.7, 70.62, 70.59, 68.7, 65.8, 
58.9. IR (neat, cm–1) ῦmax 3099, 2880, 2821, 1727, 1631, 1545, 1459, 1346, 1273, 1169, 1096, 
923, 854, 716. 
2-[2-(2-Methoxyethoxy)ethoxy]ethyl 3,5-diaminobenzoate (37). According 
to the previously described method,[29] 36 (31.0 g, 86.6 mmol) was 
combined with Pd/C (3.1 g, 10% (w/w)) in ethyl acetate (150 mL) and the 
mixture was stirred under H2 for 4 h. After the mixture was stirred at room 
temperature overnight under H2, it was filtered through Celite and the solvent was evaporated. 
This provided the pure product (25.8 g, >99%) as a yellow–brown oil. 1H NMR (300 MHz, 
DMSO-d6, ppm) δ 6.44 (d, J = 2.1 Hz, 2H, CArH), 6.03 (t, J = 2.1 Hz, 1H, CArH), 4.31–4.25 
(m, 2H, OCH2), 3.71–3.65 (m, 2H, OCH2), 3.59–3.54 (m, 2H, OCH2), 3.54–3.49 (m, 4H, 
OCH2), 3.43–3.39 (m, 2H, OCH2), 3.22 (s, 3H, OCH3). 13C NMR (75 MHz, DMSO-d6, 
ppm) δ 166.8, 149.3, 130.6, 103.8, 103.7, 71.3, 69.9, 69.8, 69.6, 68.5, 63.4, 58.0. IR (neat, 
cm–1) ῦmax 3434, 3352, 2881, 1705, 1601, 1459, 1372, 1234, 1096, 845, 767.  
3,5-Diaminobenzoic acid (38). Compound 34 (10.0 g, 47.2 mmol) was 
combined with Pd/C (1 g, 10% (w/w)) in ethyl acetate (200 mL) and the 
mixture was stirred vigorously under H2 for 5 h. After the mixture was stirred at 
room temperature overnight under H2, MeOH was added to the solution. The 
precipitate was filtered through Celite, and washed with MeOH. This provided the pure 
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product (7.0 g, 97%) as a brown solid. 1H NMR (300 MHz, DMSO-d6, ppm) δ 6.42 (d, J = 
2.0 Hz, 2H, CArH), 6.01 (t, J = 2.0 Hz, 1H, CArH). 13C NMR (75 MHz, DMSO-d6, ppm) δ 
168.4, 149.2, 131.7, 104.1, 103.6. The NMR spectroscopic data were in agreement with those 
previously reported.[30] 
3,5-Diazidobenzoic acid (39). According to a previously described method,[31] to 
an ice-cooled, stirred suspension of 38 (5.95 g, 39.1 mmol) in 25% sulfuric acid 
(160 mL), an aqueous solution of sodium nitrite (2.5 M, 40.0 mL, 98.3 mmol) 
was added dropwise. The colour of the originally red suspension changed to 
orange. After 2 h, urea (7.0 g, 0.12 mol), followed by NaN3 (12.7 g, 0.20 mol) in 
water (35 mL), were slowly added, while keeping the temperature below –5 °C. After stirring 
the suspension overnight at room temperature in the dark, excess water was added and the 
solution was neutralised with an aqueous solution of NaOH (2M). The mixture was extracted 
with ethyl acetate, and the combined organic layers were filtered and then heated at reflux in 
the presence of charcoal for 30 min. After filtering off the charcoal, the solution was washed 
with a saturated aqueous solution of NaHCO3, dried over Na2SO4 and filtered. Evaporation of 
ethyl acetate provided the pure product (2.8 g, 35%) as an orange solid. 1H NMR (400 MHz, 
DMSO-d6, ppm) δ 7.37 (d, J = 2.1 Hz, 2H, CArH), 7.02 (t, J = 2.0 Hz, 1H, CArH). 13C NMR 
(75 MHz DMSO-d6, ppm) δ 170.0, 149.6, 132.8, 105.6, 104.6. IR (neat, cm–1) ῦmax 3442, 
2920, 2850, 2124, 1705, 1593, 1467, 1264, 854, 767, 612. The spectroscopic data were in 
agreement with those previously reported.[2c] 
2-[2-(2-Methoxyethoxy)ethoxy]ethyl 3,5-diazidobenzoate (40). According 
to a previously described method,[29] in a three-necked flask, 39 (2.8 g, 13.7 
mmol) and 35 (2.0 g, 11.9 mmol) were dissolved in dry THF (100 mL). After 
cooling the mixture to 0 °C under an argon atmosphere, DPTS (0.88 g, 2.98 
mmol) dissolved in CH2Cl2 (25 mL) was added. To this mixture, DIC (1.0 g, 
15.5 mmol) was added dropwise over 5 min, whereupon the mixture became viscous. After 10 
min, the mixture was allowed to reach room temperature and was stirred overnight. The 
reaction was quenched with water (50 mL) and stirred for 30 min. After removal of the solvents, 
the residue was dried under vacuum for 30 min. Then toluene (500 mL) was added and the 
mixture was sonicated under stirred to achieve a homogenous suspension. After cooling, the 
white solid was filtered off. Column chromatography on silica gel, with CH2Cl2/acetone (100/0 
to 98/2) as the eluent, afforded the pure product (3.4 g, 81%) as a yellow oil. 1H NMR (300 
MHz, CDCl3, ppm) δ 7.49 (d, J = 2.1 Hz, 2H, CArH), 6.80 (t, J = 2.1 Hz, 1H, CArH), 4.51–
4.46 (m, 2H, OCH2), 3.85–3.81 (m, 2H, OCH2), 3.73–3.70 (m, 4H, OCH2), 3.69–3.63 (m, 
2H, OCH2), 3.56–3.52 (m, 2H, OCH2), 3.37 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3, 
ppm) δ 164.8, 142.2, 133.3, 116.4, 113.8, 71.9, 70.69, 70.65, 70.60, 69.0, 64.7, 59.0. IR 
(neat, cm–1) ῦmax 2876, 2111, 1727, 1597, 1455, 1324, 1260, 1104, 1031, 867, 758. 
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3,5-Bis-[(tr imethyls i ly l)ethynyl]benzoic acid (42). See General Procedure 2.2 
(p. 62): 41 (1.6 g, 5.8 mmol), CuI (219 mg, 1.15 mmol), [Pd(PPh3)4] 
(609 mg, 0.58 mmol), THF/Et3N (15 mL, 1/2), TMSA (2.24 g, 23 
mmol), 70 °C, 15 h. Column chromatography on silica gel, with 
heptane/ethyl acetate/acetic acid (1/1/0.002) as the eluent, afforded the 
pure product (1.1 g, 61%) as a yellow oil. 1H NMR (400 MHz, CDCl3, ppm) δ 8.12 (d, J = 
1.6 Hz, 2H, CArH), 7.76 (t, J = 1.6 Hz, 1H, CArH), 0.26 (s, 18H, SiCH3). The NMR 
spectroscopic data were in agreement with those previously reported.[32] 
2-[2-(2-Methoxyethoxy)ethoxy]ethyl 3,5-bis[(tr imethyls i ly l)ethynyl]  
benzoate (43). According to a previously described method,[29] in a 
three-necked flask, 42 (1.1 g, 3.5 mmol) and 34 (0.5 g, 3.0 mmol) 
were dissolved in dry THF (20 mL). After cooling the mixture to 0 °C 
under an argon atmosphere, DPTS (0.22 g, 0.76 mmol) dissolved in 
CH2Cl2 (20 mL) was added. To this mixture, DIC (0.5 g, 4.0 mmol) 
was added dropwise over 5 min, whereupon the mixture became viscous. After 10 min, the 
mixture was allowed to reach room temperature and was stirred overnight. The reaction was 
quenched with water (50 mL) and stirred for 30 min. After removal of the solvents, the residue 
was dried under vacuum for 1 h. Then toluene (200 mL) was added and the mixture was stirred 
to achieve a homogenous suspension. After cooling, the white solid was filtered off. Column 
chromatography on silica gel, with pentane/ethyl acetate (7/1→5/1→3/1) as the eluent, 
afforded the pure product (1.35 g, 85%) as a yellow thick oil. 1H NMR (300 MHz, CDCl3, 
ppm) δ 8.05 (d, J = 1.6 Hz, 2H, CArH), 7.73 (t, J = 1.6 Hz, 1H, CArH), 4.51–4.44 (m, 2H, 
OCH2), 3.86–3.80 (m, 2H, OCH2), 3.74–3.62 (m, 6H, OCH2), 3.56–3.51 (m, 2H, OCH2), 
3.37 (s, 3H, OCH3), 0.25 (s, 18H, SiCH3). 13C NMR (75 MHz, CDCl3, ppm) δ 165.1, 139.1, 
132.7, 130.5, 123.8, 102.9, 96.2, 71.9, 70.64, 70.61, 70.59, 69.1, 64.4, 59.0, –0.2. IR (neat, 
cm–1) ῦmax 2954, 2876, 2159, 1727, 1588, 1433, 1312, 1251, 1221, 1109, 983, 845, 763. 
2-[2-(2-Methoxyethoxy)ethoxy]ethyl 3,5-diethynylbenzoate (44). See 
General Procedure 2.3 (p. 62): 43 (555 mg, 1.21 mmol), TBAF (234 µL, 1 
M solution in THF), THF (30 mL), room temperature, 1 h. Column 
chromatography on silica gel, with pentane/ethyl acetate (5/1) as the eluent, 
afforded the pure product (286 mg, 75%) as a brown oil. 1H NMR (300 
MHz, CDCl3, ppm) δ 8.12 (d, J = 1.6 Hz, 2H, CArH), 7.76 (t, J = 1.6 Hz, 1H, CArH), 4.53–
4.42 (m, 2H, OCH2), 3.90–3.77 (m, 2H, OCH2), 3.76–3.61 (m, 6H, OCH2), 3.58–3.48 (m, 
2H, OCH2), 3.36 (s, 3H, OCH3), 3.14 (s, 2H, CCH). 13C NMR (75 MHz, CDCl3, ppm) δ 
164.9, 139.4, 133.3, 130.8, 123.0, 81.6, 78.9, 71.9, 70.7, 70.62, 70.61, 69.0, 64.6, 59.0. IR 
(neat, cm–1) ῦmax 3256, 2876, 2107, 1718, 1588, 1437, 1307, 1212, 1104, 1027, 906, 757, 677. 
MALDI-ToF MS (dithranol) m/z calcd for C18H20O5 + Na+: 339.12; found: 338.99. 
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4.5.2  Synthesis  of  dendrimers by means of the s ingle-protecting-group 
approach 
1,3,5-Tris[4-(3,5-bis{[dimethyl(octadecyl)s i ly l]ethynyl}phenyl)-1H -
1,2,3-tr iazol-1-yl]-benzene (14). See General 
Procedure 2.2 (p. 62): 2 (27 mg, 0.14 mmol), 11 
(0.31 mg, 0.41 mmol), CuI (26 mg, 0.14 mmol), 
and PMDTA (24 mg, 0.14 mmol), THF (20 mL), 
room temperature, 24 h. SEC using CH2Cl2 
provided 14 (0.2 g, 60%) as a brown oil. 1H NMR 
(300 MHz, CDCl3, ppm) δ 8.51 (s, 3H, CArH), 
8.46 (s, 3H, CArH), 8.01 (d, J = 1.5 Hz, 6H, CArH), 
7.60 (t, J = 1.5 Hz, 3H, CArH), 1.47–1.24 (m, 
192H, CH2), 0.87 (t, J = 6.6 Hz, 18H, CH2CH3), 
0.71 (t, J = 7.6 Hz, 12H, SiCH2), 0.24 (s, 36H, 
SiCH3). 13C NMR (70 MHz, CDCl3, ppm) δ (8C 
overlapped) 147.9, 139.1, 135.4, 129.7, 129.1, 124.4, 117.7, 110.4, 103.7, 95.4, 33.3, 31.9, 
29.7, 29.70, 29.65, 29.4, 23.8, 22.7, 16.1, 14.1, –1.8. IR (neat, cm–1) ῦmax 2958, 2911, 2853, 
2154, 1617, 1503, 1464, 1258, 1091, 1031, 854. MALDI-ToF MS (HABA, AgNO3) m/z 
calcd for C162H273N9Si6 + Na+: 2636.01; found: 2535.62. 
1,3,5-Tris[4-(3,5-diethynylphenyl)-1H -1,2,3-tr iazol-1-yl]benzene (5). See 
General Procedure 2.3 (p. 62): 14 (93 mg, 37 µmol), K2CO3 
(103.5 mg, 0.75 mmol), THF/MeOH (4/1, 50 mL), room 
temperature, 12 h. Purification on a short column of silica gel, 
with CHCl3, followed by THF/MeOH (20/1) as the eluent, 
provided the pure product (24 mg, 99%) as a white solid. 1H 
NMR (300 MHz, THF-d8, ppm) δ 9.28 (s, 3H, CArH), 8.75 
(s, 3H, CArH), 8.16 (d, J = 1.5 Hz, 6H, CArH), 7.58 (t, J = 1.5 
Hz, 3H, CArH), 3.74 (s, 6H, CCH). 13C NMR (75 MHz, 
THF-d8, ppm) δ 147.5, 140.1, 135.3, 132.2, 129.7, 124.5, 
120.4, 110.5, 82.7, 79.7. IR (neat, cm–1) ῦmax 3330–3150 (br), 
2921, 2850, 2161, 2107, 1726, 1620, 1606, 1515, 1496, 1232, 1035, 880, 832. MALDI-ToF 
MS (dithranol, AgNO3) m/z calcd for C42H20AgN9 – N2 + (H+ + Na+): 753.98; found: 752.83. 
The molecular formula C42H20AgN9 corresponded to the silver(I) acetylide of 5 (C42H21AgN9 – 
H+ + Ag+). 
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4-(3,5-Bis{[dimethyl(octadecyl)s i ly l]ethynyl}phenyl)-1-(3,5-
diazidophenyl)-1H-1,2,3-triazole (15). A solution of 11 (0.36 g, 
0.47 mmol), CuI (18 mg, 94 µmol), and PMDTA (24 mg, 0.14 mmol) 
in THF (60 mL) was slowly added dropwise to a stirred solution of 2 
(0.47 g, 2.3 mmol) in THF (10 mL) at room temperature for 2 h. After 
20 h, CH2Cl2 was added to the reaction mixture and the organic layer 
was washed 3 times with NH4Cl (50 mL, 1 M). The organic layer was 
separated, dried over Na2SO4, and the solvent was evaporated. SEC, 
with CH2Cl2 as the eluent, provided the pure product (0.26 g, 60%) as a white solid. 1H NMR 
(300 MHz, CDCl3, ppm) δ 8.19 (s, 1H, CArH), 7.94 (d, J = 1.5 Hz, 2H, CArH), 7.57 (t, J = 1.5 
Hz, 1H, CArH), 7.24 (d, J = 2.1 Hz, 2H, CArH), 6.73 (t, J = 2.1 Hz, 1H, CArH), 1.46–1.25 (m, 
64H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH2CH3), 0.70 (t, J = 8.0 Hz, 4H, SiCH2), 0.23 (s, 12H, 
SiCH3). 13C NMR (75 MHz, CDCl3, ppm) δ (7C overlapped) 147.3, 143.6, 139.0, 135.2, 
130.0, 129.0, 124.3, 117.7, 109.4, 107.2, 103.8, 95.3, 33.3, 31.9, 29.73, 29.70, 29.65, 29.6, 
29.4, 23.8, 22.7, 16.1, 14.1, –1.8. IR (neat, cm–1) ῦmax 2956, 2922, 2851, 2154, 2113, 1600, 
1466, 1249, 840, 613. MALDI-ToF MS (dithranol) m/z calcd for C58H93N9Si2 + H+: 972.72; 
found: 972.50. 
1,3,5-Tris{4-[3,5-bis(4-{3-azido-5-[4-(3,5-bis{[dimethyl(octadecyl)s i ly l]  
ethynyl}phenyl)-
1H -1,2,3-tr iazol-1-
yl]phenyl}-1H -
1,2,3-tr iazol-1-
yl)phenyl]-1H -
1,2,3-tr iazol}-1-
yl)benzene (16). 
Under a nitrogen 
atmosphere, to a 
stirred solution of 15 
(85 mg, 87 mmol) in 
THF (10 mL), a 
solution of 5 (5.3 mg, 
7.8 mmol), Cul (17 
mg 87 mmol) and 
PMDTA (15 mg, 87 
mmol) in THF (60 
mL) was added 
dropwise over 4 h. The 
resulting mixture was 
then stirred for an additional 15 h at room temperature under an argon atmosphere before it 
was diluted with CH2Cl2. The organic solution was then washed with NH4OH (50 mL, 10%) 
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and an aqueous solution of NH4Cl (1 M), and dried over Na2SO4. After filtration, the solvents 
were evaporated and the residue was purified by SEC, with CH2Cl2 as the eluent, to afford a 
yellowish solid (20 mg, 21%) and the recovered starting compound 15 (34 mg, 40%). 
Repeatedly, the desired product 16 could not be detected in the crude reaction mixture nor in 
any of the fractions obtained by SEC. The isolated yellowish solid, which was not identified as 
the target compound, was a dimer formed from the starting compound 15.[7] 
4.5.3  Synthesis  of  dendrimers by means of the dual-protecting-group 
approach 
4,4' ,4' '-([1,1' ,1' '-(Benzene-1,3,5-tr iyl)tr is(1H -1,2,3-tr iazole-4,1-diyl)]  
tr is}3-[(tr i isopropyls i ly l)ethynyl]benzene-
5,1-diyl})tr is(2-methylbut-3-yn-2-ol)  (22). 
See General Procedure 2.2 (p. 62): 2 (28 mg, 0.14 
mmol), 11 (0.18 g, 0.48 mmol), CuI (13 mg, 0.07 
mmol), and PMDTA (12 mg, 0.07 mmol), THF 
(20 mL), room temperature, 24 h. Column 
chromatography on silica gel, with pentane/ethyl 
acetate (1/1) as the eluent, provided 22 (0.14 g, 
80%) as a white solid. 1H NMR (300 MHz, CDCl3, 
ppm) δ 8.57 (s, 3H, CArH), 8.48 (s, 3H, CArH), 
7.97 (t, J = 1.6 Hz, 3H, CArH), 7.93 (t, J = 1.6 Hz, 
3H, CArH), 7.53 (t, J = 1.5 Hz, 3H, CArH), 2.33 (s, 
3H, OH), 1.65 (s, 18H, CCH3), 1.18–1.11 (m, 63H). 13C NMR (75 MHz, CDCl3, ppm) δ 
147.8, 139.0, 135.2, 129.7, 128.8, 128.7, 124.7, 123.9, 118.0, 110.4, 105.3, 95.2, 92.5, 80.8, 
65.6, 31.5, 18.7, 11.3. IR (neat, cm–1) ῦmax 3386, 2946, 2863, 2146, 2111, 1712, 1619, 1506, 
1459, 1381, 1226, 1169, 1031, 996, 879, 836, 677.  
1,3,5-Tris(4-{3-ethynyl-5-[(tr i isopropyls i ly l)ethynyl]phenyl}-1H -1,2,3-
tr iazol-1-yl)benzene (17). See General Procedure 2.3 
(p. 62): 22 (1.64 g, 1.27 mmol), NaOH (1.52 g, 38 
mmol), toluene (150 mL), reflux, 1 d. Column 
chromatography on a short plug of silica gel, with 
pentane/ethyl acetate (2/1) as the eluent, afforded the pure 
product (1.3 g, 92%) as a crystalline yellow solid. 1H 
NMR (300 MHz, CDCl3, ppm) δ 8.52 (s, 3H, CArH), 
8.44 (s, 3H, CArH), 8.03 (t, J = 1.6 Hz, 3H, CArH), 8.01 (t, 
J = 1.6 Hz, 3H, CArH), 7.62 (t, J = 1.5 Hz, 3H, CArH), 
3.15 (s, 3H, CCH), 1.18–1.12 (m, 63H). 13C NMR (75 
MHz, CDCl3, ppm) δ 147.4, 138.7, 135.5, 129.8, 129.2, 
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128.9, 124.6, 123.1, 118.1, 110.2, 105.1, 92.6, 82.2, 78.6, 18.6, 11.2. IR (neat, cm–1) ῦmax 
3300, 2941, 2859, 2155, 1614, 1506, 1459, 1385, 1230, 1035, 992, 880, 832, 672. MALDI-
ToF MS (CHCA) m/z calcd for C69H81N9Si3 + Na+: 1142.58; found: 1142.52. 
4,4' ,4' '-{[1,1' ,1' '-(Benzene-1,3,5-tr iyl)tr is(1H -1,2,3-tr iazole-4,1-
diyl)]tr is(3-ethynylbenzene-5,1-diyl)}  
tr is(2-methylbut-3-yn-2-ol)  (23). See General 
Procedure 2.3 (p. 62): 22 (50 mg, 39 µmol), TBAF 
(12 µL, 1M in THF), THF (10 mL), room 
temperature, 1 h. Column chromatography on a 
short plug of silica gel, with pentane/ethyl acetate 
(1/1) as the eluent, afforded the pure product (31 
mg, 99%) as a crystalline yellow solid. 1H NMR 
(400 MHz, THF-d8, ppm) δ 9.25 (s, 3H, CArH), 
8.63 (s, 3H, CArH), 7.99 (br s, 3H, CArH), 7.97 (br 
s, 3H, CArH), 7.39 (s, 3H, CArH), 3.60 (s, 3H, CH), 
2.09 (br s, 3H, OH), 1.62 (br s, 18H, CH3). 13C NMR (125 MHz, THF-d8, ppm) δ (2C 
overlapped) 148.0, 138.3, 132.3, 126.0, 125.0, 124.7, 120.4, 97.9, 83.2, 80.4, 80.1, 65.0, 30.9. 
IR (neat, cm–1) ῦmax 3636, 2876, 2954, 2863, 2362, 1614, 1519, 1424, 1229, 1156, 1030, 610, 
603. MALDI-ToF MS (CHCA) m/z calcd for C51H39N9O3 + Na+: 848.30; found: 848.20. 
4-{3,5-Bis[1-(3-azidophenyl)-1H -1,2,3-tr iazol-4-yl]phenyl}-2-methylbut-
3-yn-2-ol (30). To a stirred solution of 29 (7.7 g, 48 
mmol) in THF (15 mL), a solution of 25 (1.0 g, 4.8 mmol), 
CuI (0.37 g, 1.9 mmol), and PMDTA (0.42 mg, 2.4 mmol) in 
THF (60 mL) was slowly added dropwise. The solution was 
stirred for 17 h at room temperature before it was quenched 
with NH4Cl. The mixture was extracted with CH2Cl2 and the 
combined organic layers were dried over Na2SO4 and evaporated. Column chromatography on 
silica gel, with CH2Cl2 as the eluent, followed by CH2Cl2/ethyl acetate (9/1) after the elution of 
excess 29, afforded the pure product (1.1 g, 45%) as a yellow solid. 1H NMR (300 MHz, 
CDCl3, ppm) δ 8.42 (t, J = 1.7 Hz, 1H, CArH), 8.33 (s, 2H, CArH), 7.99 (d, J = 1.6 Hz, 2H, 
CArH), 7.60–7.51 (m, 6H, CArH), 7.15 (dt, J = 6.4, 2.4 Hz, 2H, CArH), 2.10 (s, 1H, OH), 1.67 
(s, 6H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 147.3, 142.1, 138.0, 131.1, 130.8, 128.7, 
124.3, 122.7, 119.2, 118.0, 116.3, 111.2, 95.1, 81.2, 65.6, 31.5. IR (neat, cm–1) ῦmax 3351, 
3127, 2984, 2094, 1597, 1493, 1290, 1230, 1035, 867, 780, 672. 
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4,4'-[5-(Dodec-1-yn-1-yl)-1,3-phenylene]bis[1-(3-azidophenyl)-1H -
1,2,3-triazole] (31). To a stirred solution of 29 (5.2 g, 34 
mmol) in THF (15 mL), a solution of 28 (0.55 g, 1.9 mmol), 
CuI (0.14 g, 0.77 mmol), and PMDTA (0.16 g, 0.94 mmol) 
in THF (60 mL) was slowly added dropwise. The solution 
was stirred for 17 h at room temperature before it was 
quenched with NH4Cl. The mixture was extracted with CH2Cl2 and the combined organic 
layers were dried over Na2SO4 and evaporated. Column chromatography on silica gel, with 
CH2Cl2 as the eluent, followed by CH2Cl2/ethyl acetate (9/1) after the elution of excess 29, 
afforded the pure product (0.69 g, 60%) as a thick yellow oil. 1H NMR (300 MHz, CDCl3, 
ppm) δ 8.39 (t, J = 1.5 Hz, 1H, CArH), 8.33 (s, 2H, CArH), 7.98 (d, J = 1.5 Hz, 2H, CArH), 
7.61–7.49 (m, 6H, CArH), 7.18–7.13 (m, 2H, CArH), 2.47 (t, J = 7 Hz, 2H, CH2), 1.55–1.44 
(m, 2H, CH2), 1.45–1.09 (m, 14H, CH2), 0.93–0.76 (m, 3H, CH3). 13C NMR (75 MHz, 
CDCl3, ppm) δ 147.6, 142.1, 142.0, 138.1, 131.1, 130.8, 128.8, 126.9, 125.7, 122.1, 119.2, 
118.0, 116.4, 111.3, 31.9, 29.63, 29.56, 29.3, 29.2, 29.0, 28.7, 22.7, 19.5, 14.1. IR (neat,  
cm–1) ῦmax 3136, 2928, 2855, 2103, 1606, 1497, 1295, 1230, 1044, 785. 
Bis{2-[2-(2-methoxyethoxy)ethoxy]ethyl}5,5'-{4,4'-[5-(2,5,8,11-
tetraoxadodecan-1-oyl)-1,3 
phenylene]bis(1H -1,2,3-tr iazole-4,1-
diyl)}bis(3-azidobenzoate) (45). To a stirred 
solution of 40 (3.0 g, 8.5 mmol) in THF (10 mL), a 
solution of 44 (0.18 g, 0.57 mmol), CuI (58 mg, 
0.29 mmol), and PMDTA (49 mg, 0.29 mmol) in THF (40 mL) was slowly added dropwise. 
The solution was stirred for 17 h at room temperature before it was quenched with NH4Cl. 
The mixture was extracted with CH2Cl2 and the combined organic layers were dried over 
Na2SO4 and evaporated. Column chromatography on silica gel, with CH2Cl2/ethyl acetate (2/1) 
as the eluent, followed by CH2Cl2/MeOH (97/3) after the elution of excess 40, afforded the 
pure product (0.43 g 75%) as a yellow solid. 1H NMR (400 MHz, CDCl3, ppm) δ 8.63 (t, J = 
1.7 Hz, 1H, CArH), 8.62 (s, 2H, CArH), 8.47 (d, J = 1.7 Hz, 2H, CArH), 8.16 (t, J = 1.3 Hz, 2H, 
CArH), 7.77 (t, J = 1.3 Hz, 2H, CArH), 7.71 (t, J = 1.3 Hz, 2H, CArH), 4.54–4.49 (m, 6H, 
OCH2), 3.90–3.84 (m, 6H, OCH2), 3.77–3.66 (m, 6H, OCH2), 3.65–3.61 (m, 12H, OCH2), 
3.51–3.46 (m, 6H, OCH2), 3.28 (s, 6H, OCH3), 3.26 (s, 3H, OCH3). 13C NMR (75 MHz, 
CDCl3, ppm) δ (2C overlapped) 165.6, 164.3, 147.2, 142.5, 138.0, 133.3, 131.6, 130.9, 126.9, 
126.6, 119.8, 118.6, 116.8, 114.8, 71.80, 71.79, 70.7, 70.63, 70.55, 70.48, 70.47, 69.0, 68.9, 
64.9, 64.4, 58.83, 58.78. IR (neat, cm–1) ῦmax 3451, 3123, 2876, 2111, 1727, 1597, 1450, 
1260, 1096, 1057, 763.  
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Compound 32. Under a nitrogen atmosphere, to a stirred solution of 30 (1.08 g, 6.6 
mmol) in THF (15 mL), a solution of 
17 (0.24 g, 0.22 mmol), Cul (25 mg 
0.13 mmol) and tris[(1-tert-butyl-1H-
1,2,3-triazolyl)methyl]amine (TTTA; 
57 mg, 0.13 mmol) in THF (35 mL) 
was added dropwise over 4 h. The 
resulting mixture was then stirred for 
an additional 12 h at room 
temperature under an argon 
atmosphere before it was diluted with 
CH2Cl2. The organic solution was then 
washed with NH4OH (50 mL, 10%) 
and an aqueous solution of NH4Cl 
(1M, 50 mL) and dried over Na2SO4. 
After filtration, the solvents were 
evaporated and the residue was purified by SEC, with CH2Cl2 as the eluent, to afford excess 
starting compound 30 (0.78 g, 77%) and a yellowish solid (0.33 g, 30%). The desired product 
32 could not be detected in this fraction. The isolated yellowish solid, which could not be 
identified as the product, was observed to have broad signals in the 1H NMR spectrum. Signals 
corresponding to the product were not detected by using any of the available MS techniques. 
Compound 33. Under a nitrogen atmosphere, to a stirred solution of 31 (0.63 g, 
1.03 mmol) in THF (10 mL), a 
solution of 17 (38 mg, 34 µmol), Cul 
(7 mg 36 µmol), and TTTA (15 mg, 
36 µmol) in THF (30 mL) was added 
dropwise over 2 h. The resulting 
mixture was then stirred for an 
additional 12 h at room temperature 
under an argon atmosphere before it 
was diluted with CH2Cl2. The organic 
solution was then washed with 
NH4OH (50 mL, 10%) and an 
aqueous solution of NH4Cl (1M, 50 
mL) and dried over Na2SO4. After 
filtration, the solvents were 
evaporated and the residue was 
purified by SEC, with CH2Cl2 as the eluent, to afford excess starting compound 31 (0.40 g, 
63%) and a brown solid (30 mg, 30%). The isolated brown solid, which could not be identified 
as the product, showed only broad signals in the 1H NMR spectrum. Signals corresponding to 
the product were not detected by using any of the available MS techniques. 
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Compound 46. Under a nitrogen atmosphere, to a stirred solution of 35 (382 mg, 
0.38 mmol) in THF (5 mL), a 
solution of 17 (13 mg, 12 µmol), 
Cul (4 mg 21 µmol), and PMDTA 
(4.4 µL, 21 µmol) in THF (20 mL) 
was added dropwise over 4 h. The 
resulting mixture was then stirred 
for an additional 24 h at room 
temperature under an argon 
atmosphere before it was diluted 
with CH2Cl2. The organic solution 
was then washed with NH4OH (50 
mL, 10%) and an aqueous solution 
of NH4Cl (1M, 50 mL) and dried 
over Na2SO4. After filtration, the 
solvents were evaporated and the 
residue was purified by SEC, with CH2Cl2 as the eluent, to afford a yellowish solid (10 mg, 
20%). The isolated yellow solid, which could not be identified as the product, showed broad 
signals in the 1H NMR spectrum. Signals corresponding to the product were not detected by 
using any of the available MS techniques. 
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But if you try, sometimes you just might find 
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Epoxidation of BODIPY-alkenes inside a porphyrin clip: Synthesis and optical 
catalysis studies 
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In the previous three chapters of this thesis, the click reaction was 
exploited for the preparation of two different heteroaromatic systems: 
triazoles and isoxazoles. In this chapter, yet another nitrogen-containing 
heterocycle, pyrrole, was introduced as the main structural unit of a 
porphyrin-based catalyst and a boron dipyrromethene (BODIPY)-based 
reporter. This catalyst was used previously for the epoxidation of mono-, 
oligo- and polymeric molecules. The properties of this porphyrin cage 
mimic those of processive enzymes. With the aim of optical visualisation 
of the catalytic epoxidation reaction, tailored BODIPY molecules were 
designed and prepared. These were equipped with alkene side chains, 
which were epoxidised upon exposure to the catalytic system. When 
conjugated, chemical changes in the side chains next to the BODIPY core 
strongly influenced their fluorescence, which allowed for a precise and 
stepwise optical study of the catalytic processes. 
5.1  Introduction 
Recently, much attention has been paid to the synthesis of catalytic systems that mimic 
well-established enzymatic species found in nature. Monooxygenase cytochrome P450, which is 
responsible for oxidation reactions in live cells through the incorporation of Fe3+–porphyrin, is 
one of the best examples of how the combination of a metalloporphyrin and a well-defined 
functional cavity controls substrate selectivity and orientation.[1] In addition to being shape-
specific, the catalytic reaction is further promoted and generally dominated by hydrophobic 
interactions, accompanied by, for example, hydrogen bonds,  π–π stacking[2] and dipolar 
interactions between the substrate and the functional sites inside the cavity. In the quest 
towards complex catalytic systems, suitable substrate-specific sensors first had to be designed 
and synthesised. Early studies in this field incorporated cyclodextrin building blocks, which 
were ideal for the construction of simple enzyme-like catalysts.[3] The main driving force for 
substrate binding inside of cyclodextrins are, as in the case of enzymes, hydrophobic interactions. 
Because hydrophobic interactions are the primary driving force in aqueous or water-containing 
environments, hydrogen bonds and π–π stacking interactions are ideal for substrate recognition 
and binding in non-aqueous media. The arene-functionalised diphenylglycoluril functionality 
1a, derived from well-known cucurbit[6]uril (2),[4] was serendipitously discovered when 
attempts were made to modify the structure of cucurbituril to make it soluble in organic 
solvents.[5] The reaction of diphenylglycoluril 3 with formaldehyde in benzene gave, instead of 
the anticipated cucurbituril analogue, the clip-shaped molecule 1a (Figure 5.1). 
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 Structures of clip 1 , cucurbit[6]uril (2 ) and the building block Figure 5.1
diphenylglycoluril 3 . 
At the concave side of 1a, a cleft is formed that is shielded from the outside by two 
phenyl rings. The presence of carbonyl groups, which can form hydrogen bonds, and aromatic 
rings on the sides, which can interact through π–π stacking with guest molecules, makes 1a and 
its derivatives suitable candidates for potential applications in host–guest chemistry. This was 
confirmed by initial studies, in which aza-crown ether functionalised analogues of 1a 
(substituted in the R1 positions; Figure 5.1) showed strong binding affinity to 
dihydroxybenzenes.[6] Further functionalisation, both symmetric and non-symmetric, of the 
cleft side walls, together with functionalisation of the convex side phenyl groups with 
hydrophilic groups, made it possible for the construction of many supramolecular systems, such 
as baskets, cigars and razor blades, which showed affinity towards various guest molecules.[7] In 
addition to binding dihydroxybenzene-functionalised polymers,[8] modified clip molecules with 
strong binding affinity to N-heterocycles and polymeric viologens in the cleft gave rise to the 
construction of supramolecular polymers that formed redox-active films with potential use in 
optical data storage.[9] However, upon electrochemical reduction of the viologen species, 
decomplexation of the diphenylglycoluryl clip occurred. To overcome this issue, a modified 
cavity incorporating a porphyrin “roof”, H24, was synthesised.[10] Early synthetic efforts towards 
the synthesis of 4 were accompanied by 3.8% overall yields. The clip H24 was initially 
synthesised by quadruple alkylation of the tetratosylate molecular cleft 1b with salicylic 
aldehyde. This was subsequently cyclised with pyrrole to give porphyrin clip H24.[10b, 11] In a 
modified procedure, the porphyrin roof, 5, was prepared separately, and subsequently, 
combined under high-dilution conditions with tetratosylate 1b to give porphyrin clip H24 
with an overall yield of 30% (Figure 5.2). Porphyrin 5 was incorporated not only to circumvent 
the decomplexation of viologens in the polymer, but also to add an opportunity for additional 
functionality. In addition to forming a cavity of 9 Å in diameter, the porphyrin clip also 
displayed a so-called cavity effect, which led to higher binding constants under certain 
conditions, and was, for example, reflected in a ten-fold increase in the binding constant for 
methyl viologen 6, relative to a “roofless” diphenylglycoluril analogue of 1. 
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 Structures of porphyrin clip 4 , porphyrin “roof” 5 , methyl viologen 6  Figure 5.2
and pyridines P y  and BuPy . 
Studies directed towards the construction of larger [n]rotaxane systems and arrays of 
porphyrin–viologens also showed that the clip cavity had a very high affinity for other N-
substituted viologens and N-heterocycles, mainly as a result of the rigidity of the cavity. The 
binding constants of N-heterocycles increased even further when metals were introduced into 
the porphyrin due to coordination to the metals.[11] 
It was soon realised that the incorporation of a metal into the porphyrin would open up 
a whole new chapter in the “clip story”. As mentioned before, the initial idea behind this 
research was to mimic natural systems, in which the catalytic centre was in close proximity to 
the receptor, which allowed for well-defined chemical changes. 
Just as in the case of the monooxygenase cytochrome P450, which oxidises a range of 
alkanes and alkenes and is of fundamental importance for detoxification in the human body, 
the catalytic centre in 4 is also a metal. Cytochrome P450 contains Fe3+–protoporphyrin IX to 
which a cysteinate ligand, essential for catalytic activity, is axially coordinated.[12] In vitro 
molecular oxygen and nicotinamide adenine dinucleotide phosphate (NADPH) are replaced by 
oxygen surrogates, such as PhIO,[13] hypochlorites,[14] H2O2[15] or peracids,[16] to realise oxidative 
properties.  
The PhIO epoxidation of olefins catalysed by [Fe(TPP)Cl] (TPP=5,10,15,20-
tetraphenylporphyrin) was reported to be stereospecific; cis-olefins gave only cis-epoxides.[13, 17] 
However, the moderate stability of Fe3+–porphyrins in combination with cysteinate axial ligands 
resulted in many model systems being based on more stable and versatile Mn3+–porphyrins and 
N-containing axial ligands.[18] Nevertheless, in these catalysts, a large loss of stereospecificity was 
observed in cis-stilbene epoxidation, for which the trans-epoxide was the predominant 
product.[13] An improvement of the stereospecificity of the epoxidation reaction was found later, 
when a large excess of axial ligand was used.[19] Moreover, it was postulated that the rigidity of 
the cavity could further improve the much-needed stereospecificity of Mn3+–porphyrin-
catalysed epoxidations. 
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Studies on monomeric alkene substrates have shown[19-20] that by using different axial 
pyridine ligands, differing in their size, and thus, in their ability to enter the cavity of H24 and 
its metallated analogues Mn4 and Zn4,[21] the site of the catalytic reaction could be modified. 
Pyridine (Py; Figure 5.3b), which is small enough to enter the cavity, has a very high affinity 
(Ka = 1.1 × 105 M–1) towards Zn4 and effectively blocks the cavity of Zn4 (or Mn4); thus, the 
epoxidation reaction takes place on the outer side of the porphyrin roof with a 5–10-fold initial 
rate enhancement in the epoxidation of olefins relative to MnTPP. An investigation by 1H 
NMR spectroscopy on mixtures of Zn4 and the bulky axial ligand 4-tert-butylpyridine (BuPy; 
Figure 5.3c) in CDCl3 indicated no binding within the cavity of the clip, even when 500 
equivalents of the axial ligand were introduced. In addition to forcing the epoxidation reaction 
to occur on the inside of the cavity, BuPy also prevented the formation of µ-oxo-bridged 
Mn(IV)–porphyrin dimeric structures, which were unreactive in further catalysis and rapidly 
decomposed.[22] These structures were believed to form when the combination of Mn4–Py was 
used. 
 
 a) Structures of MnTPP and MnTMPP. The two approaches in Figure 5.3
which Mn4  is used as an epoxidation catalyst in combination with b) 
Py  or c) BuPy  as the axial ligand. 
When epoxidation reactions with Mn4 were carried out in the presence of 500 
equivalents of BuPy, catalyst decomposition was indeed prevented and the catalyst could be 
reused in several cycles. The need for effective shielding of the catalytic site was also confirmed 
by catalytic experiments with the reference porphyrins MnTPP and MnTMPP (Figure 5.3a), 
which rapidly decomposed, resulting in lower yields when compared with Mn4. 
So far, however, it was only possible to provide experimental proof of oxidation 
proceeding inside of the toroidal cavity indirectly. Since Mn3+ is paramagnetic, all 1H NMR 
spectroscopic studies had to be conducted with a diamagnetic, catalytically inactive model: Zn4. 
Epoxidation could not be followed in real time, but rather in a stepwise manner, and post-
reaction analysis had to be used to determine the conversion rates and reaction yields. 
Optical spectroscopy studies, which allow for direct and real-time observations of 
chemical changes, have been proposed as a valid alternative.[23] When coupled with suitable 
substrate-specific sensors or reporters, they are an invaluable aid for answering mechanistic 
questions.[24] Finely tuneable fluorescent dyes are currently widely used, not only for 
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visualisations and spatial information (reporters) of various substrates, but, when they are 
positioned close to the reaction centre, small changes in the structure of the reacted compound 
often results in considerable and observable changes in their optical properties (sensors).[25]  
Fluorescent dyes with emission wavelengths in near-IR regions, such as rhodamines,[26] 
fluoresceins,[27] cyanines,[28] coumarins,[29] and perylenes,[30] are currently widely used in 
biological[31] and artificial sensor systems. Fluorophores based on the boron dipyrromethene 
(BODIPY) core also belong to this group of dyes.[32] Interest in BODIPY-based dyes can be 
attributed to their remarkable photophysical characteristics: they have high molar absorption 
coefficients, high fluorescence quantum yields (close to 1, even in water), good photostability, 
narrow emission bands, and a substantial Stokes shift. Additional advantages are their lack of a 
net ionic charge and the general insensitivity of their fluorescence to solvent polarity or pH.[32b] 
The excitation and emission wavelengths of BODIPYs can be finely tuned by modifying the 
pyrrole cores, which can be synthetically modified at different positions (Figure 5.4). 
 
 Structure and numbering of the BODIPY core. Figure 5.4
By attaching different functional groups to these positions,[33] or functionalising 
compounds with the BODIPY moiety,[34] these molecules have found various applications in, 
for example, cellular imaging probes,[35] fluorescent polymers,[36] near-IR fluorescent dyes,[37] 
sensors for biocatalytic reactions,[38] and light harvesters.[39] Recently, a study on the oxidation 
properties of mesoporous titanium silicate microparticles with a phenylbutadienyl-substituted 
BODIPY probe was published, in which their catalytic properties were studied on the single-
particle level by means of fluorescence microscopy.[40] The large differences in the optical 
properties of the unreacted probe and its epoxidised products made real-time visualisation and 
spatial resolution of the epoxidation reaction possible.  
Inspired by this report, a non-symmetrically functionalised BODIPY derivative, 7, 
substituted with a butadiene bridge, was designed and prepared (Figure 5.5). The BODIPY 
core was functionalised with fused furan rings to increase the rigidity of the system, and thus, 
shift the absorption and emission maxima to near-IR regions. This brings several advantages, 
such as a significant reduction in the background signal, low light scattering and deep 
penetration of near-IR light, and the possibility of using low-cost excitation light sources.[41]  
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 Structures of BODIPY 7  and molecular clip 8 . Figure 5.5
Combining the approach of an alkene-functionalised fluorescent probe with the catalytic 
porphyrin-cage system should make it possible to visualise the ongoing processes in solution, in 
real time and, thanks to the favourable optical properties of BODIPY derivatives, even by the 
naked eye. By using fluorescent probe 7, the catalytic activity of molecular clips 4 (Figure 5.2) 
and 8 (Figure 5.5), which differed only in the size of the cavity attached to the porphyrin, was 
studied. Molecular clip 8 has an additional ethylene glycol link, which increases the cavity 
diameter to approximately 10 Å; however, consequently, this decreases the rigidity of the clip, 
which overall makes it possible to accommodate larger substrates.[42] As a reference catalyst, a 
planar porphyrin, MnTMPP (Figure 5.3), was used. The catalytic activity was probed by time-
resolved spectroscopic measurements. Fluorescence spectroscopy was used as the main tool 
because it provides better sensitivity and resolution than UV–vis spectroscopy. The ability to 
follow catalysis by fluorescence spectroscopy was also one of the main premises in designing a 
system that could be suitable for single-molecule confocal microscopy measurements to directly 
and accurately observe chemical changes on a surface. Differences in the activity of Mn4, Mn8 
and MnTMPP with 7 as a substrate are discussed, together with the influence of various N-
heterocyclic ligands, which not only influence the rate, but also the site of the catalytic reaction. 
In addition to optical studies, NMR spectroscopic binding studies with diamagnetic zinc-
functionalised molecular clips were conducted to support the observed phenomena. 
5.2  Results  and discussion 
5.2.1  Synthesis  of  a lkene-functionalised BODIPY 
The synthesis of 7 followed a modified literature procedure,[37] in which BODIPY was 
prepared from two subunits, which were connected in the final condensation step. This allowed 
for a modular synthesis and the preparation of either symmetric or non-symmetric BODIPY 
derivatives. The starting material for all compounds presented herein was 5-bromofuraldehyde 
(9; Scheme 5.1). 
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Scheme 5.1  Synthesis of carboxylic acid 13. 
The alkene functionalities were introduced through a Wittig reaction of 9 with 
cinnamyltriphenylphosphonium bromide. This gave butadiene 10 as a mixture of two isomers, 
which were separated. The desired trans product was isolated in 49% yield after recrystallisation. 
The bromine group in 10 was transformed into the corresponding aldehyde 11 by a lithiation 
reaction and the subsequent addition of DMF. Next, a two-step condensation reaction was 
conducted, in which the aldol condensation of aldehyde 11 with ethyl azidoacetate was 
followed by an intramolecular cyclisation reaction to form the fused pyrrole ring.[43] The 
medium yield is in accordance with published results for similar compounds, and was probably 
caused by the low stability of the starting materials and intermediates. Ester 12 was hydrolysed 
in the last step, which resulted in carboxylic acid 13 in almost quantitative yield. 
The second subunit of target compound 7, functionalised with a phenyl ring, was 
prepared by a Suzuki–Miyaura cross-coupling reaction of 9 and phenylboronic acid, followed 
by the condensation of an aldehyde analogous to 11 (Scheme 5.2). Subsequently, an identical 
synthetic procedure was followed as that for the preparation of 13. The last step, following the 
hydrolysis of ester 15, was decarboxylation in strongly acidic conditions followed by 
formylation with triethylorthoformate, which yielded aldehyde 16. 
 
Scheme 5.2  Synthesis of the phenyl-substituted aldehyde 16. TFA = trifluoroacetic acid. 
With both synthons 13 and 16 in hand, the last step in the synthesis of the target 
BODIPY compound was a condensation reaction between carboxylic acid 13 and aldehyde 16. 
In this two-step reaction, acid 13 was first stirred in TFA and, after decarboxylation, aldehyde 
16 was added. This reaction resulted in the formation of the dipyrromethene (dipyrrin) core, 
which was complexed with boron in the third step by using BF3·(OEt2) in the presence of a 
suitable base (Scheme 5.3). After purification by chromatography on a short column of silica gel, 
BODIPY 7 was obtained as a dark purple crystalline compound in a yield of 80%, and was 
directly used for catalytic measurements. 
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Scheme 5.3  Synthesis of BODIPY 7. 
The synthesis of the porphyrins and porphyrin clips has been described previously,[11] 
and the porphyrin derivatives used in this study were kindly provided by Dr. Akeroyd and Dr. 
Elemans. Metal insertion into the porphyrin derivatives was carried out according to literature 
procedures, either with zinc diacetate dihydrate or with manganese diacetate tetrahydrate in 
methanol to obtain the zinc or manganese clips, respectively.[11] 
5.2.2  Preliminary optical  studies and product characterisat ion 
To find the most suitable atomic oxygen donor for the studied catalyst–substrate system, 
epoxidation of the alkene-functionalised BODIPY was screened with different oxidants. The 
oxidant perfluoroiodosylbenzene (Figure 5.6) efficiently oxidised the double bonds; however, it 
was also discovered that this oxidant was so active that there was almost no difference in 
reaction rates, whether the porphyrin catalyst was present or not. The same behaviour was also 
observed for the milder oxidant iodosylbenzene.  
  
 Single-oxygen donors used in the optical studies. mCPBA = meta-Figure 5.6
chloroperbenzoic acid. 
Almost no epoxidation of the alkenes was observed when only mCPBA was mixed with 
compound 7; therefore, the influence of different porphyrin catalysts and ligands was studied 
with this oxidant. Upon the addition of a porphyrin catalyst to this mixture, the colour of the 
solution turned slowly from green to blue/red, which was a clear indication of a chemical 
change (Figures 5.7 and 5.8). 
 
 Colour change of a solution of BODIPY 7  upon epoxidation. Figure 5.7
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Preliminary optical studies with mCPBA showed a decrease in the fluorescence 
intensity of BODIPY 7 that was accompanied by an increase in fluorescence intensity at shorter 
wavelengths attributed to the epoxidation products. The epoxidation of the double bonds in 7 
should result in three possible products, depending on the regioselectivity. The epoxide can 
form either on the double bond next to the phenyl ring, resulting in E1, or on the double bond 
next to the BODIPY core, providing E2. Epoxidation of both double bonds gives the final 
product, E3 (Figure 5.8). 
 
 Schematic structures of possible epoxidation products E1 , E2  and E3  Figure 5.8
upon exposure of 7  to an oxidant. 
Prior to spectroscopic catalytic studies, analysis of the different oxidation products of a 
large-scale epoxidation reaction of 7 (with iodosylbenzene as the oxidant) by 1H NMR 
spectroscopy and mass spectrometry was conducted. By quenching the reaction prior to 
completion, it was possible to isolate the pure oxidation product E1, containing the epoxide 
next to the end phenyl group. The other single epoxide product, E2, with the epoxide closer to 
the BODIPY core, could not be obtained in pure form, but was present as a mixture inseparable 
from the double epoxide E3. The products E1, E2 and E3 were, however, very labile, when 
separated on silica gel, as indicated by the formation of multiple bands during separation. Each 
one of the collected fractions was analysed by 1H NMR spectroscopy to identify the desired 
epoxides. Interestingly, during the purification of 7, no degradation was observed, which 
indicated a much higher stability of the butadiene-containing BODIPY. 
In the 1H NMR spectrum attributed to E1, an upfield shift of the oxidised double-bond 
protons was observed, shifting from 6.5 to 4.3 ppm. In the mixture of products E2 and E3, an 
upfield shift of all protons of the oxidised butadienyl bridge was observed, shifting from 6.51 to 
5.35 and 4.31 ppm, respectively, each corresponding to two protons. The signal at 5.35 ppm 
most likely corresponds to the epoxide closest to the BODIPY core because of its position closer 
the aromatic core of the BODIPY. Because it was not possible to fully separate E2 and E3, the 
signals in 1H NMR spectra could also not be fully assigned because they represented a mixture 
of two compounds (for details, see the Experimental section 5.5). 
The presence of the epoxide products was confirmed by MALDI-ToF MS, fluorescence, 
and UV–vis measurements. Table 5.1 shows an overview of the compounds detected by 
MALDI-ToF MS. The emission and absorption maxima observed corresponded with those 
observed later during small-scale catalytic experiments (Table 5.2). 
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 MALDI-ToF MS measurement results  Table 5.1
Compound Formula m/z calcd for Found 
7 C29H19BF2N2O2 476.15 475.66 
7 C29H19BF2N2O2 – F– 457.15 456.76 
E1/E2 C29H19BF2N2O3 – F– 473.15 472.79 
E1/E2 C29H19BF2N2O3 – 2F– 454.15 453.44 
E3 C29H19BF2N2O4 – F– 489.14 489.75 
E3 C29H19BF2N2O4 – 2F– 470.14 470.67 
 
The ability of molecular clips 4 and 8 to accommodate 7 in their cavities was examined 
by molecular modelling. Geometry optimisation by means of molecular mechanics was used 
(MM2, ChemBio 3D Ultra), and the models are shown in Figure 5.9. Although the models do 
not represent a full geometry and energy optimisation, they show that the molecule of BODIPY 
7 has a more favourable access towards the cavity of 8, which has an extra ethylene glycol link 
compared with 4. 
a)  b) 
  
c)  d) 
  
 a) and b) Molecular models of 4  with 7  inserted in the cavity; c) and d) Figure 5.9
8  with 7  inserted in the cavity. 
5.2.3  Catalytic  studies 
BODIPY derivatives are known for their high sensitivity to changes in the nature of 
their (conjugated) substituents.[37a] Therefore, new distinct bands in the UV–vis and 
fluorescence spectra were expected to appear in the course of the epoxidation reaction as a result 
of chemical changes induced in the butadienyl bridge linking the phenyl ring to the BODIPY 
core of 7. During preliminary fluorescence studies, two new distinct bands were observed. The 
emission band at 651 nm, closest to the emission band of dialkene 7, was attributed to the 
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single epoxide product E1, and the emission band at 618 nm was attributed to both E2 and 
E3 (Figure 5.8 and Table 5.2). In 7, the 4-phenylbutadienyl group is conjugated to the 
electron system of the BODIPY core, resulting in electron delocalisation and redshifts of the 
absorption and emission spectra. When E1 is formed, the emission undergoes a blueshift; 
however, to a smaller extent than in the case of E2 formation. The reason for this is that the 
double bond next to the BODIPY core remains intact in E1 and can partially delocalise 
electrons in the BODIPY core. However, upon the formation of E2, electron delocalisation 
over the phenylbutadienyl bridge is no longer possible, which results in a very pronounced 
blueshift of both the λabs and λem. Upon the reaction of E1 to form E3, the emission spectrum 
of the molecule shifts to a similar λem value as that observed in E2, as epoxides E2 and E3 are 
expected to have similar spectral properties, which are strongly blueshifted relative to those of 7. 
The emission spectrum of E1 is located between that of E2 (E3) and 7 because the extended 
aromaticity of the BODIPY core is still partially preserved.[40a] 
 Left: λ ab s  and λ em for 7  and E 1 –E 3 ; right: normalised emission Table 5.2
spectra for 7  and E 1 –E 3   
Compound 
UV–vis 
(λabs) [nm] 
PL 
(λem) [nm] 
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7 695 705 
E1 649 651 
E2 615 618 
E3 615 618 
 
To study the catalytic activity of the porphyrin manganese clips in more detail, various 
fluorescence experiments were performed. Ligands of different dimensions, and their 
combinations, were used to study the catalytic behaviour of the porphyrin catalysts: pyridine 
(Py; Figure 5.2), 4-tert-butylpyridine (BuPy; Figure 5.2), 4-phenylpyridine (PhPy; Figure 
5.10), 4-{[(tert-butyldiphenylsilyl)oxy]methyl}pyridine (SiPy; Figure 5.10), and nonylviologen 
(C9V; Figure 5.10). They were all found to direct the site of the catalytic reaction, and thus, 
influence the rate of the epoxidation reaction. 
 
 Pyridine ligands used for the catalytic experiments. Figure 5.10
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Table 5.3 gives an overview of the experiments conducted, as well observed chemical 
changes. 
 Overview of f luorescence experiments with BODIPY 7  Table 5.3
Ligand 
(500 equiv) Oxidant 
Catalyst 
Mn4 Mn8 MnTMPP none 
None  mCPBA N N Y N 
BuPy mCPBA Y – N N 
SiPy mCPBA – Y – N 
C9V mCPBA N N Y – 
BuPy/C9V mCPBA N – Y – 
SiPy/C9V mCPBA – N – – 
Py mCPBA Y – – – 
PhPy mCPBA – Y – – 
Y: epoxidation observed; N: epoxidation not observed; –: not performed. In all of the 
performed experiments, CH2Cl2 was used as the solvent. 
For an initial time-resolved catalytic study, the flat porphyrin MnTMPP was used 
(Figure 5.3). For this experiment, 10 µL of a 1 mM solution of BODIPY 7 (1 equiv) and 80 µL 
of a 10 µM solution of MnTMPP (0.08 equiv) were added to 2 mL of dichloromethane. 
Finally, 40 µL of a 1 mM solution of the mCPBA oxidant (4 equiv) was added and the 
mixture was shaken several times. After 15 s, the cuvette was placed in a fluorescence 
spectrometer and the changes were followed with time-resolved fluorescence spectroscopy. The 
observed changes in the fluorescence spectra of 7 are shown in Figure 5.11. The excitation 
wavelength used was 635 nm, which allowed the increase in the emission signals of the epoxides 
to be observed, as well as the decrease in the emission signal corresponding to the dialkene 7. 
These spectra also show that the emission signal corresponding to oxidation product E1 in the 
course of the reaction decreased, again accompanied by an increase in the signal attributed to 
E2/E3. 
600 620 640 660 680 700 720 740
0
100
200
300
400
500
600
700
800
900
flu
or
es
ce
nc
e 
in
te
ns
ity
 (a
.u
.)
wavelength (nm)
 35 sec
 1 min 45 sec
 3 min
 4 min
 17 min
 30 min
 43 min
 56 min
 69 min
Time delay:
a)
0 10 20 30 40 50 60 70
0
200
400
600
800
1000
flu
or
es
ce
nc
e 
in
te
ns
ity
 (a
.u
.)
time (min)
 705 nm (λmax 7)   651 nm (λmax E1)  618 nm (λmax E2, E3)
b)
 
 Conversion of BODIPY 7  with MnTMPP as a catalyst. a) Fluorescence Figure 5.11
spectra over time, λex = 635 nm. b) Normalised fluorescence signal 
recorded at the λem of the respective compounds over time. Experimental 
conditions: 7  (1 equiv), MnTMPP (0.08 equiv), mCPBA (4 equiv). 
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After examining this MnTMPP-catalysed reaction, catalytic studies with the cavity-
possessing catalysts Mn4 and Mn8 were conducted. The outer porphyrin surfaces of Mn4 and 
Mn8 were rendered inaccessible by using a large excess (500 equiv) of bulky axial ligand, which 
coordinated to the metal centre from the outside of the clip; thus directing the catalytic reaction 
to take place on the inside.[19, 44] Ligand BuPy was used for Mn4; for Mn8, which has a larger 
cavity diameter, the even more sterically demanding ligand SiPy was used. Flat porphyrin 
MnTMPP was used again as a reference compound. The amount of catalyst was optimised, 
and was used in all of the catalytic experiments at 0.004 equivalents with respect to 7. Figure 
5.12 represents the fluorescence signal recorded at 618 nm (corresponding to the end product 
E3 and E2) plotted against time, for the different catalysts. 
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 Catalytic conversion of BODIPY 7  with bulky axial ligands for the three Figure 5.12
catalysts, recorded at 618 nm (λex = 625 nm). For a better comparison, 
the percentages denote the intensity of the signal after 50 min, with the 
Mn8-catalysed reaction as a standard. Experimental conditions: 7  (1 
equiv), catalyst (0.004 equiv), mCPBA (4 equiv), ligand (2 equiv, 
none in case of MnTMPP). 
The increase in the fluorescence intensity, corresponding to the formation of E2/ E3, 
with Mn4 or MnTMPP as a catalyst was similar and saturated approximately 15 min after the 
start of the reaction. The signal intensities after 50 min, when Mn4 and MnTMPP were used, 
were 25 and 20%, respectively, of the signal observed when Mn8 was employed; this suggested 
that Mn8 is the most effective catalyst for the epoxidation of 7. Despite the fact that a 
relatively large excess of the bulky coordinating ligand SiPy was used to shield the outer face of 
catalyst Mn8, a slow degradation of the catalyst was observed. The reason for this was that, 
even at these high concentrations of axial ligand, the outer face of the catalyst remained partially 
accessible, and thus, deactivation of the catalyst, probably through a dimerisation reaction, still 
occurred. This led to premature stalling of the epoxidation process. To fully prevent this 
degradation, a new analogue of Mn4 with ethylureapropoxy tails covalently attached to the 
outer ortho positions of the porphyrin mesophenyls was recently described.[44] With 
polybutadiene as a substrate, this analogue showed increased stability, and should therefore be 
considered for testing in future catalytic studies involving BODIPY 7. 
The spectroscopic results of the catalytic conversions were assumed to follow first-order 
reaction kinetics, that is, only the concentration of the catalyst was rate determining. The other 
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components present followed (quasi)zero-order kinetics, as they are in large excess. The 
dependence of the fluorescence intensities with time was plotted by using the integrated first-
order rate law (Eq. 5.1), in which I0 and I are the relative fluorescence intensities at time 
t = 0 and time t, respectively, and k is the first-order rate constant. 
 ln 𝐼 =– 𝑘𝑡 + ln 𝐼! (5.1) 
As expected, when plotting the obtained data for the different catalytic systems, they 
provided a straight line with a negative slope (Table 5.4).  
 Rate constants of the studied catalytic reactions determined from Table 5.4
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[min–1]  
R 2 
Mn8 0.04334 0.963 
Mn4 0.04438 0.952 
MnTMPP 0.06177 0.909 
   
In Table 5.4, the first-order kinetic plots for the catalytic reactions of Mn8, Mn4 and 
MnTMPP are shown. From the values of the rate constants, it can be concluded that the 
reaction catalysed by MnTMPP proceeds the fastest, approximately 1.5-times faster than those 
catalysed by Mn4 and Mn8, which have similar values of rate constants. This observation 
might come as a surprise when looking at the reaction profiles in Figure 5.12, where Mn8 
appears to be more efficient than Mn4 and MnTMPP. This inconsistency can be explained 
by the fact that although MnTMPP has the most accessible catalytic site, it gradually looses its 
catalytic activity at early stages of the reaction, as a result of the formation of a µ-oxo dimer.[22] 
This catalyst degradation process is manifested by a less satisfactory R2 value (0.909). On the 
other hand, Mn8 and Mn4 undergo dimer formation to a lesser extent and the catalysts 
remain active for a longer period of time, compared to MnTMPP, as clearly visible from the 
reaction profile of Mn8 in Figure 5.12. The reaction profile of Mn4 falls below that of 
MnTMPP, despite the fact that its degradation is slow. This observation could indicate that 
the substrate, as well as the product, are both bound strongly inside the cavity and the product 
thus inhibits the reaction once its concentration is comparable to that of the substrate. 
Presumably, Mn8 that displays a larger cavity has lower affinities towards the substrate and the 
product as well as lower energy barriers associated with the in/out binding processes, making it 
the most efficient catalyst out of the three. The kinetic and thermodynamic parameters of the 
substrate–catalyst/product–catalyst binding processes need to be determined in the future to 
further support this hypothesis. 
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An interesting difference in the progress of the catalytic reaction was observed between 
the flat porphyrin MnTMPP and cavity-possessing Mn8. Figure 5.11, for which the catalytic 
experiment involved MnTMPP, shows that the signal at 651 nm attributed to E1 increased 
fastest in the early stage of the reaction (compared to the signal of E2/E3), followed by a 
decrease, and was accompanied by an increase in the signal at 618 nm (attributed to E2/E3). 
When conducting a time-resolved spectroscopic measurement with a lower catalyst loading 
(Mn8, see Figure 5.13), however, a different reaction profile was observed. Both signals, at 651 
nm (corresponding to E1) and 618 nm (corresponding to E2/E3), continuously increased over 
time period (50 min) and did not show saturation (Figure 5.13), indicating a slower reaction 
progress. (In Figure 5.13 a, the increase of the fluorescence signal of E2/E3 seems to be more 
pronounced, however the increased intensity at 618 nm was caused by using an excitation 
wavelength (625 nm), which was closer to the absorption maximum of E2/E3 than E1. After 
normalization of the signals at 618 and 651 nm, respectively (Figure 5.13 b), it could be seen 
that the formation of E1 and E2/E3 seems to follow the same reaction profile. 
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 Conversion of BODIPY 7  with Mn8  as a catalyst and the S iPy  ligand. Figure 5.13
a) Fluorescence spectrum over time, λex = 625 nm. b) Normalised 
fluorescence signal recorded at the λem value of the respective compounds 
over time. Experimental conditions: 7  (1 equiv), Mn8  (0.004 equiv), 
mCPBA (4 equiv), S iPy  (2 equiv). 
A similar reaction profile was observed also in the case of MnTMPP at lower catalyst 
loadings (Figure 5.14, black line). When the same experiment was performed in the presence of 
C9V, which is known to act as an electron mediator to facilitate oxidation reactions,[45] a 
substantial reaction rate enhancement was observed (Figure 5.14, grey line).  
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 a) Fluorescence signal recorded at the λem value of the respective Figure 5.14
compounds over time. b) Normalised fluorescence signal (data from 5.14 
a) recorded at the λem value of the respective compounds over time. 
Reaction conditions: 7  (1 equiv), MnTMPP (0.004 equiv), mCPBA 
(4 equiv), C 9V  (0 equiv black lines, 0.4 equiv grey lines). 
The black lines in Figure 5.14 show that the reaction with MnTMPP has roughly the 
same reaction profile as Mn8 in Figure 5.13, while the profile represented by grey lines is 
similar to that of MnTMPP in Figure 5.11. The reason for a higher reaction rate is either the 
higher catalyst loading (0.08 equiv, Figure 5.11) or the enhancement by C9V (Figure 5.14).  In 
both these cases, the reaction proceeded so fast that most of E1 was formed during the first 10 
min, and reached a maximum, after which time a decrease was observed. The signal decrease of 
E3 could possibly be attributed to partial decomposition of the epoxide. Another possible 
explanation could be a difference in the quantum yields of E2 and E3. If the quantum yield of 
E2 is higher than that of E3, the conversion of E2 to E3 would result in a decrease of their 
overlapping emission band. Because the reaction with Mn8 was conducted with a smaller 
amount of catalyst, it did not reach the point of decrease over the course of the measurements. 
5.2.4  Examination of the reaction s ite  
After examining the ligands that promote the epoxidation of 7 inside the cavities of 
Mn4 and Mn8, ligands that force the reaction to occur on the outside of the clips were tested. 
These ligands were Py in the case of Mn4, which possesses a smaller cavity, and PhPy in the 
case of Mn8 with a bigger cavity (Table 5.3). Because of the size complementarity of these 
ligands, they coordinate to the manganese metal centre of the porphyrin from the inside of the 
cavity, where they are stabilised by π–π stacking interactions, and make the outside porphyrin 
site available for catalysis.  The importance of the activation of the metal centre by a nitrogen-
coordinating ligand has been demonstrated by using a viologen derivative. As mentioned in the 
Introduction, viologens have very high binding affinities for binding inside the porphyrin 
clip.[11] Therefore, when conducting the same catalytic experiments with viologen C9V instead 
of Py or PhPy, the inside of the porphyrin clip is effectively blocked and only the top of the 
clip is available for catalytic oxidation. When the epoxidation of 7 was conducted in the 
presence of C9V and with Mn4 or Mn8 as catalysts, no significant increase in the fluorescence 
signals of E1–E3 was observed, indicating that the catalytic reaction did not occur.[46] As the 
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viologen only blocks the cavity and does not coordinate to the manganese, it is evident that the 
catalytic conversion requires a nitrogen-coordinating ligand, which weakens the manganese–
oxygen bond, thereby making the transport of oxygen to the substrate easier.  
Additionally, the rate of the catalysed reactions employing the small pyridine ligands (Py 
and PhPy) were compared with the rates when the bulky ligands (BuPy and SiPy) were used. 
The epoxidations of 7 with catalyst Mn4 in combination with the ligands Py and BuPy are 
shown in Figure 5.15 (grey solid). The use of Py (Figure 5.15, grey dash) as a ligand clearly led 
to a bigger increase in the fluorescence signal (618 nm) corresponding to the epoxides E2 and 
E3 relative to that of BuPy (Figure 5.15, grey solid). Presumably, compound 7 probably has 
to overcome a certain barrier when entering the cavity of Mn4 and the binding constant of 
BuPy is lower than that of Py. Both these effects cooperatively lead to a smaller rate of the 
catalytic reaction. When the Mn4 cavity is blocked with Py, the epoxidation reaction proceeds 
faster at the activated reaction site on top of the clip (Figure 5.15, grey dash), which is more 
accessible for the substrate. After a steep increase in the fluorescence intensity of the products, 
however, the signal reached a plateau after approximately 25 min. This could indicate the 
formation of non-catalytic µ-oxo dimers, which form because the ligand Py binds inside the 
cavity and leaves the outside unshielded. 
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 Catalytic conversion of 7  with Mn8  as a catalyst and PhPy  or S iPy  as Figure 5.15
ligands (black lines); catalytic conversion of 7  with Mn4  as a catalyst 
and Py  or BuPy  as ligands (grey lines). Recorded at 618 nm and 
normalised with respect to the same initial (0 a.u.) fluorescence intensity. 
Experimental conditions: Full lines: 7  (1 equiv), catalyst (0.004 equiv), 
mCPBA (4 equiv), ligand (2 equiv); Dashed lines: 7  (1 equiv), catalyst 
(0.004 equiv), mCPBA (4 equiv), ligand (0.004 equiv). 
To force the catalytic reaction of Mn8 to proceed on the outside of the clip, ligand 
PhPy was used, which coordinates from the inside of the cavity (Figure 5.15, black dash). 
Relative to the bulky SiPy ligand, the initial rate of the catalytic reaction with PhPy was 
slightly faster. As for the Py ligand and Mn4, catalyst Mn8 with PhPy bound inside the 
cavity was also seen to decay after approximately 15 min. This behaviour was not observed 
when SiPy was used as the ligand (Figure 5.15, black solid), supressing the conversion of Mn8 
into µ-oxo dimers. In this case, the epoxidation reaction continued even after 1 h. 
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These results show that the catalytic reaction can also occur on the outside of the cavities. 
The formation of unreactive µ-oxo dimers, however, inhibits the catalytic activity before 
completion of the reaction. The use of bulky axial ligands, which cannot be accommodated in 
the catalyst cavities, and thus have to coordinate from the outside, forces the catalytic reaction 
to occur on the inside of the cavity, which inhibits degradation of the catalyst. The results also 
support the hypothesis that 7 is more easily accommodated inside the larger cavity of Mn8 
than inside the smaller cavity of Mn4. The main evidence for this statement are the different 
reaction profiles when bulky axial ligands are used. The reaction catalysed by Mn8 proceeds 
significantly faster than that catalysed by Mn4, which makes the catalytic system Mn8/SiPy 
the most efficient of all studied combinations.  
5.2.5  1H NMR spectroscopy studies  
To further confirm the results obtained from optical spectroscopy measurements, and to 
follow the insertion of the BODIPY molecule into the molecular clip, 1H NMR spectroscopic 
measurements with Zn4, Zn8 and 7 were conducted.  
 
 Structures and numbering of 4  and 8 . Figure 5.16
For the 1H NMR spectroscopic measurements, an excess of 7 was added to Zn4 and the 
bulky axial ligand BuPy was used to force 7 to enter the cavity of the clip. Upon addition of 7, 
the 1H NMR spectrum of Zn4 showed a change in the signals of protons 5, 7, 12, and 13 
(Figure 5.16 a); these surround the cavity and are therefore most affected when substrates bind 
in the cavity of the clip. The signals corresponding to protons 7, 12 and 13 (Figure 5.16 a) 
showed an upfield shift of 0.1–0.2 ppm. The signals corresponding to protons 12 and 13 
(Figure 5.17 a) split into two sets of signals each (Figure 5.17 c) upon the addition of 7. This 
was also the case for proton 5 (Figure 5.17 b vs. d). Splitting of the signals was observed as a 
result of the broken symmetry of Zn4, since 7 is non-symmetric. The above observations 
confirmed that 7 bound within the cavity of Zn4. Figure 5.17 shows different parts of the 1H 
NMR spectra of Zn4, both with (c and d) and without (a and b) BODIPY 7 as a substrate. 
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a) 
 
b)  
 
c)  
 
d)  
 
 Cut-outs of the 1H NMR spectrum of Zn4  before (a, b) and after (c, d) Figure 5.17
the addition of BODIPY 7 . a) and c) show the signals corresponding to 
protons 13 (8.89 ppm) and 12 (8.77 ppm). b) and d) show the signal 
corresponding to proton 5.  
The same binding study was also performed with Zn8 and BODIPY 7 with SiPy as an 
axial ligand (Section 5.5.3). The 1H NMR spectrum showed upfield shifts between 0.2 and 0.4 
ppm for protons 6, 7, 8, and 9, which indicated the presence of BODIPY 7 in the cavity, and a 
downfield shift of 0.15 ppm for proton 5 (Figure 5.16 b), most likely as a result of 
conformational changes of the cavity. Because the cavity of Zn(Mn)8 is bigger and less rigid 
than that of Zn(Mn)4, it is easier for this cavity to adapt its conformation to accommodate a 
substrate. The protons from the spacer between the porphyrin roof and diphenylglycoluril, 
together with the protons from the phenyl groups in diphenylglycoluril, also exhibited a 
chemical shift upon the addition of BODIPY 7, which further confirms binding of the guest. 
These 1H NMR studies showed that in both cases 7 binds within the cavity of the clips. 
5.3  Conclusion 
The catalytic activity of three different catalytic systems, Mn4, Mn8 and flat porphyrin 
MnTMPP, was studied. This was extensively studied and visualised by using a tailor-made 
alkene-functionalised BODIPY reporter 7. Upon the oxidation reaction, the conjugation of 
BODIPY was disrupted, which resulted in a blueshift in the absorption and emission maxima in 
the range of 54 to 87 nm. This significant change in the spectroscopic properties of the studied 
compounds allowed the epoxidation reaction to be followed by means of UV–vis and 
fluorescence spectroscopy in real time. The oxidant mCPBA was the most suitable oxygen 
donor for the catalysts, and the catalytic activity was, to a large extent, dependent on the nature 
of the pyridine ligands. Epoxidation studies have shown that the most suitable catalytic system 
for the epoxidation of BODIPY 7 was the combination of Mn8 catalyst and the ligand SiPy. 
This combination inhibited the formation of unreactive µ-oxo dimers, and forced the catalytic 
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reaction to occur inside the cavity. 1H NMR spectroscopy binding studies with zinc analogues 
of the porphyrin clips gave further proof of the presence of the BODIPY substrate within the 
cavity of the clips. Catalyst Mn4 also showed good catalytic activity for the conversion of 7, 
but the rate of the reaction was much slower; this was most likely caused by the smaller size of 
the cavity. The catalytic conversion followed (pseudo)first-order reaction kinetics. The results 
above show the feasibility of the prepared BODIPY derivative 7 acting as a reporter molecule 
for the direct observation of catalytic reactions in porphyrin clips Mn4 and Mn8. Further 
studies with 7, or similar alkene-functionalised polymers, should allow direct observations of 
processive catalysis, which was observed only indirectly to date. The versatility and good 
stability of reporter dye 7 predetermines it being used in other applications, such as in vivo 
bioimaging or single-molecule confocal microscopy studies. 
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5.5  Experimental  section 
General .  For general information, see Experimental section 2.5 (p. 60). Porphyrin 
clips 4 and 8 and their metallated analogues MnTMPP[10b, 11] and compounds 14, 15, and 
16[37b] were prepared by following procedures reported in the literature.  
Optical  measurements.  In a typical experiment, a 1 mM solution (10 µL) of the 
BODIPY (1 equiv) and a 10 µM solution (4 µL) of the porphyrin catalyst (0.004 equiv) were 
added to dichloromethane (2 mL). When required, a 1 mM solution (20 µL) of ligand (2 equiv) 
was added to the mixture. When C9V was used, firstly, a mixture of a 10 µM solution (4 µL) of 
porphyrin catalyst (0.004 equiv) and a 1 mM solution (4 µL) of the viologen (0.4 equiv) was 
made, which was then added to the mixture. Finally, a 1 mM solution (40 µL) of the mCPBA 
oxidant (4 equiv) was added and the mixture was shaken several times. After 15 s, the cuvette 
was placed in the fluorescence spectrometer. Each measurement consisted of 50 scans with a 
delay of approximately 71 s between the start of each consecutive scan (almost 1 h in total) and 
was measured independently 3 times. 
General  procedure 5.1 for the synthesis  of  2-substituted 4H -furo[3,2-
b]pyrrole-5-carboxylic  acid ethyl esters .  To a solution of aldehyde and ethyl 
azidoacetate in absolute ethanol at 0 °C, a solution of sodium ethoxide (20 wt % in ethanol) 
was added dropwise and the resulting mixture was stirred for 2–4 h. Excess saturated aqueous 
solution of NH4Cl was added to form a precipitate, which was collected by filtration. The 
Chapter 5 
 154 
precipitate was washed with water and dried in vacuum. The dried residue was dissolved in 
toluene and heated to reflux for 1–2 h. After cooling, the solvent was evaporated. 
General  procedure 5.2 for the synthesis  of  2-substituted 4H -furo[3,2-
b]pyrrole-5-carboxylic  acids  An aqueous solution of NaOH was slowly added to a 
solution of 2-substituted acid ethyl ester in ethanol and the mixture was heated at reflux for 30 
min. After cooling, concentrated HCl was added dropwise to the stirred mixture until a 
precipitate formed (pH ≤ 7), and then the mixture was stirred for an additional 10 min. The 
formed precipitate was filtered off, washed with water, and dried in vacuum. 
5.5.1  Synthesis  of  BODIPY 7 
2-Bromo-5-[(1E ,3E)-4-phenylbuta-1,3-dienyl]furan (10). To a suspension of 
cinnamyltriphenylphosphonium bromide (5.91 g, 12.9 mmol) in dry 
THF (100 mL) at 0 °C under an Ar atmosphere, nBuLi (1.6 M in 
hexane, 8.04 mL, 12.87 mmol) was added dropwise. After 10 min, a solution of 9 (1.5 g, 8.6 
mmol) in THF (40 mL) was added and the mixture was allowed to warm to room temperature, 
followed by stirring for 24 h. The resulting mixture was poured into water (300 mL), stirred for 
10 min, and extracted with diethyl ether (4×150 mL). The combined organic layers were 
washed with brine and dried over Na2SO4. After filtration, the solvent was evaporated and the 
crude mixture was purified by column chromatography with pentane as the eluent, and 
recrystallised from heptane to provide the product (0.95 g, 49%) as yellowish crystals. 1H NMR 
(400 MHz, CDCl3, ppm) δ 7.45–7.40 (m, 2H, CArH), 7.36–7.30 (m, 2H, CArH), 7.26–7.21 
(m, 1H, CArH), 6.90–6.81 (m, 2H, CH=CH), 6.72–6.63 (m, 1H, CH=CH), 6.40–6.33 (m, 
1H, CH=CH), 6.32 (d, J = 3.4 Hz, 1H, CArH), 6.24 (d, J = 3.4 Hz, 1H, CArH). 13C NMR (75 
MHz, CDCl3, ppm) δ 155.2, 137.2, 133.6, 128.7, 128.40, 128.38, 127.7, 126.4, 121.7, 119.0, 
113.5, 110.6. IR (neat, cm–1) ῦmax 3128, 3027, 3010, 1757, 1692, 1550, 1480, 1351, 1238, 
1148, 988, 780, 746. HRMS (EI) m/z calcd for C14H11BrO: 273.9993; found: 273.9989 (|Δ| = 
1.53 ppm). 
5-[(1E ,3E)-4-Phenylbuta-1,3-dienyl]furan-2-carbaldehyde (11). A solution 
of nBuLi (1.6 M in hexane, 1.75 mL, 2.80 mmol) was added dropwise to 
a cooled solution (–78 °C) of 10 (529 mg, 2.3 mmol) in THF (50 mL) 
under an Ar atmosphere. After stirring for 30 min at –78 °C, dry DMF was added and the 
mixture was allowed to warm to room temperature. After stirring for 2 h, the mixture was 
poured into an ice-cooled solution of HCl (100 mL, 1 M). The aqueous layer was extracted 
with diethyl ether (3 × 70 mL), washed with brine, and dried over Na2SO4. After filtration, the 
solvent was evaporated and the crude mixture was purified by column chromatography with 
pentane/CH2Cl2 (1/1) as the eluent to afford the pure product (0.37 g, 90 %) as orange crystals. 
1H NMR (400 MHz, CDCl3, ppm) δ 9.58 (s, 1H, CH=O), 7.48–7.43 (m, 2H, CArH), 7.38–
7.32 (m, 2H, CArH), 7.30–7.25 (m, 1H, CArH), 7.24 (d, J = 3.6 Hz, 1H, CArH), 7.24–7.22 (m, 
1H, CH=CH), 6.95–6.85 (m, 1H, CH=CH), 6.80 (d, J = 15.6 Hz, 1H, CH=CH), 6.49 (d, J = 
15.6 Hz, 1H, CH=CH), 6.48 (d, J = 3.6 Hz, 1H, CArH). 13C NMR (75 MHz, CDCl3, ppm) δ 
OBr
O
O
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176.8, 158.7, 151.7, 136.61, 136.58, 133.9, 128.7, 128.4, 127.8, 126.8, 123.9, 118.4, 110.5. 
IR (neat, cm–1) ῦmax 3322, 3131, 3023, 2820, 1658, 1619, 1485, 1394, 1290, 1247, 1213, 
1022, 975, 798, 750. HRMS (EI) m/z calcd for C15H12O2: 224.0837; found: 224.0839 (|Δ| = 
0.89 ppm). 
Ethyl 2-[(1E ,3E)-4-phenylbuta-1,3-dienyl]-4H -furo[3,2-b]pyrrole-5-
carboxylate (12). See General procedure 5.1 (p. 153): 
Aldehyde 11 (0.67 g, 3.8 mmol), ethyl azidoacetate (0.98 g, 7.6 
mmol), absolute ethanol (60 mL), sodium ethoxide (2.6 g, 7.6 
mmol, 20 wt % in ethanol), 0 °C, 4 h, toluene (40 mL), reflux, 2 h. Column chromatography 
on silica gel with heptane/ethyl acetate (4/1) as the eluent afforded the pure product (0.37 g, 
37%) as a yellowish–red solid. 1H NMR (400 MHz, CDCl3, ppm) δ 8.75–8.68 (brs, 1H, NH), 
7.46–7.41 (m, 2H, CArH), 7.36–7.30 (m, 2H, CArH), 7.26–7.21 (m, 2H, CArH), 7.05–6.87 (m, 
2H, CH=CH), 6.75 (m, 1H, CArH), 6.70 (d, J = 15.1 Hz, 1H, CH=CH), 6.45 (d, J = 15.0 Hz, 
1H, CH=CH), 6.30 (s, 1H, CArH), 4.35 (q, J = 7.1 Hz, 2H, CH2CH3), 1.38 (t, J = 7.1 Hz, 3H, 
CH2CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 161.8, 159.3, 148.2, 137.2, 133.8, 130.3, 
129.3, 128.7, 128.5, 127.7, 126.5, 124.5, 120.5, 96.7, 96.5, 60.5, 14.5. IR (neat, cm–1) ῦmax 
3270, 3019, 2920, 2846, 1662, 1485, 1260, 1208, 1022, 983, 754, 685. HRMS (ESI+) m/z 
calcd for C19H17NO3 + Na+: 330.1100; found: 330.1105 (|Δ| = 1.51 ppm). 
2-[(1E ,3E)-4-Phenylbuta-1,3-dienyl]-4H -furo[3,2-b]pyrrole-5-carboxylic  
acid (13). See General procedure 5.2 (p. 154): NaOH (0.24 g, 
6.0 mmol), water (15 mL), ester 12 (96 mg, 0.34 mmol), ethanol 
(20 mL), reflux, 40 min. The product (84 mg, 98 %) was obtained 
without further purification as a yellow solid. 1H NMR (400 MHz, 
DMSO-d6, ppm) δ 12.39 (brs, 1H, COOH), 11.54 (s, 1H, NH), 7.54–7.47 (m, 2H, CArH), 
7.39–7.31 (m, 2H, CArH), 7.28–7.21 (m, 1H, CArH), 7.14–7.04 (m, 1H, CH=CH), 6.99–6.89 
(m, 1H, CH=CH ), 6.76 (d, J = 15.4 Hz, 1H, CH=CH), 6.67 – 6.66 (m, 1H, CArH), 6.63 (d, J 
= 15.5 Hz, 1H, CH=CH), 6.61 (s, 1H, CArH). 13C NMR (75 MHz, DMSO-d6, ppm) δ 162.4, 
158.2, 147.3, 137.0, 133.0, 130.3, 128.9, 128.7, 128.1, 127.6, 126.3, 125.1, 121.1, 98.0, 95.4. 
IR (neat, cm–1) ῦmax 3399, 3360, 3015, 2919, 2557, 1662, 1550, 1519, 1442, 1290, 1208, 975, 
927, 754, 685, 599. HRMS (ESI–) m/z calcd for C17H13NO3 – H+: 278.0823; found: 278.0826 
(|Δ| = 1.08 ppm). 
BODIPY 7. Carboxylic acid 13 (83 mg, 0.35 mmol) was dissolved in TFA (3.5 mL) 
and stirred at 70 °C. After 7 min, carbaldehyde 16 (59 mg, 
0.5 mmol) was added followed by POCl3 (1.2 mL, 13.0 
mmol). After 10 min, the reaction mixture was allowed to 
cool to room temperature and was poured into a saturated 
solution of NaHCO3. Precipitate was collected and dried in vacuo. The resulting compound 
was dissolved in tetrachloroethane (10 mL) and BF3·OEt2 (0.5 mL, 4 mmol) was added 
followed by TEA (0.35 mL, 0.25 mmol). The reaction mixture was stirred at 100 °C for 7 min. 
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After cooling to room temperature, the reaction mixture was diluted with chloroform and 
washed with a saturated aqueous solution of NaHCO3 and brine, and dried over Na2SO4. After 
filtration, the solvent was evaporated and the crude mixture was purified by column 
chromatography with CHCl3 as the eluent to afford the pure product (0.14 g, 80 %) as dark 
metallic-green crystals. 1H NMR (400 MHz, CDCl3, ppm) δ 7.85–7.79 (m, 2H, CArH), 7.50–
7.44 (m, 4H, CArH), 7.44–7.38 (m, 1H, CArH), 7.38–7.33 (m, 2H, CArH), 7.32–7.26 (m, 1H, 
CArH), 7.25–7.17 (m, 1H, CH=CH), 7.04 (s, 1H, CArH), 7.03–6.96 (m, 1H, CH=CH), 6.96–
6.93 (m, 1H, CArH), 6.85 (d, J = 15.6 Hz, 1H, CH=CH), 6.56–6.47 (m, 3H), 6.41 (s, 1H, 
CArH). 13C NMR (75 MHz, CDCl3, ppm) δ 170.5, 170.2, 140.1, 132. 7, 131.5, 131.3, 130.6, 
129.4, 127.9, 122.1, 101.0, 98.0. IR (neat, cm–1) ῦmax 3123, 2924, 2850, 2358, 1735, 1597, 
1563, 1485, 1429, 1338, 1104, 1074, 992, 966. UV–vis (CH2Cl2) λabs = 695 nm. MALDI-ToF 
MS (dithranol) m/z calcd for C29H19BF2N2O2: 476.151; found: 475.663. 
5.5.2  Oxidation products of  BODIPY 7 
Bodipy 7 (42.6 mg, 89.5 µmol), Mn4 (0.51 mg, 0.37 µmol), and BuPy (26.2 µL, 210 
µmol) were dissolved in CH2Cl2 (15 mL). After mCPBA (62 mg, 359 µmol) was added, the 
mixture was stirred for 1 h and the solvent was evaporated. The residue was purified by 
preparative TLC (CH2Cl2). The observed bands were purified, and characterised. 
BODIPY E1: 1H NMR (400 MHz, CDCl3, ppm) δ 7.84–7.78 (m, 2H, CArH), 7.51–
7.46 (m, 3H, CArH), 7.46–7.44 (m, 2H, CArH), 7.43–7.41 
(m, 2H, CArH), 7.39 (d, J = 2.2 Hz, 1H, CArH), 7.39–7.36 
(m, 1H, CArH), 7.09 (d, J = 6.7 Hz, 1H, CArH), 7.00 (s, 
1H, CArH), 6.96 (s, 1H, CArH), 6.95–6.91 (m, 1H), 6.53–
6.48 (m, 2H), 4.33–4.28 (m, 2H). UV–vis (CH2Cl2) λabs = 649 nm. MALDI-ToF MS 
(dithranol) m/z calcd for C29H19BF2N2O3 – F–: 473.147; found: 472.786; calcd for 
C29H19BF2N2O3 – 2F–: 454.149; found: 453.443. 
BODIPY E2 and E3: Compounds E2 and E3 were not isolated individually, but as a 
mixture. This was based on the results obtained from UV–
vis spectroscopy, fluorescence spectroscopy and MALDI-
ToF MS. 1H NMR (400 MHz, CDCl3, ppm) δ 7.99–7.95 
(m, 2H, CArH), 7.73–7.70 (m, 1H, CArH), 7.59–7.54 (m, 
3H, CArH), 7.47–7.37 (m, 6H, CArH), 7.31 (s, 1H, CArH), 
7.00 (s, 1H, CArH), 6.95 (s, 1H, CArH), 5.38–5.33 (m, 
2H), 4.35–4.28 (m, 2H). UV–vis (CH2Cl2) λabs = 615 nm. 
MALDI-ToF MS (dithranol) m/z calcd for 
C29H19BF2N2O3 – F–: 473.147; found: 472.610; calcd for C29H19BF2N2O3 – 2F–: 454.149; 
found: 453.443; calcd for C29H19BF2N2O4 – F–: 489.142; found: 489.756; calcd for 
C29H19BF2N2O4 – 2F–: 470.144; found: 470.669. 
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5.5.3  1H NMR spectroscopic binding studies  
The following conditions were used for the binding studies of 7 inside the cavity of 
Zn4: ligand BuPy (excess); 7 (1.5 equiv). 
Zn4 (before the addition of ligand or substrate): 1H NMR (400 MHz, CDCl3, ppm) δ 
8.88 (s, 4H, CArH), 8.77 (s, 4H, CArH), 8.09 (d, J = 5.6 Hz, 4H, CArH), 7.75 (t, J = 6.5 Hz, 4H, 
CArH), 7.35 (q, J = 8.3 Hz, 8H, CArH), 6.97–6.91 (m, 6H, CArH), 6.79–6.74 (m, 4H, CArH), 
6.14 (s, 4H, CArH), 4.26–4.18 (m, 4H, CH2), 4.13 (d, J = 15.9 Hz, 4H, CH2), 4.05–3.98 (m, 
4H, CH2), 3.68 (d, J = 15.7 Hz, 4H, CH2), 3.54–3.47 (m, 4H, CH2), 3.33–3.25 (m, 4H, CH2). 
Zn4 (after the addition of ligand and substrate; only the signals corresponding to Zn4 
are listed): 1H NMR (400 MHz, CDCl3, ppm) δ 8.77 (d, J = 2.4 Hz, 4H, CArH), 8.71 (s, 2H, 
CArH), 8.67 (s, 2H, CArH), 8.09–8.05 (m, 4H, CArH), 7.77–7.70 (m, 4H, CArH), 7.50–7.46 (m, 
4H, CArH), 7.38 (t, J = 6.5 Hz, 4H, CArH), 7.33 (d, J = 6.6 Hz, 4H, CArH), 7.15 (d, J = 6.0 Hz, 
1H, CArH), 7.08 (dd, J = 5.1 Hz, 1H, CArH), 6.99 – 6.93 (m, 6H, CArH), 6.86–6.80 (m, 4H, 
CArH), 6.16 (d, J = 10.9 Hz, 4H, CArH), 4.24 (d, J = 15.8 Hz, 4H, CH2), 4.13–4.05 (m, 4H, 
CH2), 3.75 (d, J = 15.6 Hz, 4H, CH2), 3.56–3.48 (m, 4H, CH2), 3.36–3.23 (m, 2H, CH2).  
The following conditions were used for the binding studies of 7 inside the cavity of 
Zn8: ligand SiPy (excess); 7 (1.5 equiv).  
Zn8 (before the addition of ligand or substrate):[42] 1H NMR (400 MHz, CDCl3, ppm) 
δ 8.83 (s, 4H, CArH), 8.79 (s, 4H, CArH), 7.93 (br s, 4H, CArH), 7.70 (t, J = 7.3 Hz, 4H, CArH), 
7.36 (d, 4H, J = 8.1 Hz, CArH), 7.24 (br s, 4 H, CArH), 7.05–6.99 (m, 6H, CArH), 6.98 (br s, 
4H, CArH), 6.61 (br s, 4H, CArH), 4.02 (br s, 4H, CH2), 3.89 (br s, 4H, CH2), 3.67 (br s, 4H, 
CH2), 3.47 (br s, 4H, CH2), 3.11 (br s, 4H, CH2), 2.82 (br s, 4H, CH2), 2.78 (br s, 4H, CH2), 
2.59 (br s, 4H, CH2), 2.20 (br s, 4H, CH2), 1.95 (br s, 4H, CH2). 
Zn8 (after the addition of ligand and substrate; only the signals corresponding to Zn8 
are listed): 1H NMR (400 MHz, CDCl3, ppm) δ 8.80 (m, 8H, CArH), 8.04 (m, 4H, CArH), 
7.77 (m, 4H, CArH), 7.39–7.35 (m, 8H, CArH), 7.02–6.98 (m, 10H, CArH), 6.76 (br s, 4H, 
CArH), 4.27 (d, J = 15.2 Hz, 4H, CH2), 4.05 (br s, 4H, CH2), 3.87 (br s, 4H, CH2), 3.77 (d, J 
= 15.5 Hz, 4H, CH2), 3.06 (br s, 4H, CH2), 2.81 (br s, 4H, CH2), 2.70 (br s, 4H, CH2), 2.53 
(br s, 4H, CH2), 1.92 (br s, 4H, CH2), 1.70 (br s, 4H, CH2). 
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In the previous chapter, the alkene-functionalised boron dipyrromethene 
(BODIPY) molecule was sensitive towards porphyrin-induced chemical 
changes. This made this class of molecules ideal for further processive 
catalytic studies. To investigate the subtleties of the processive porphyrin 
catalyst, in this chapter the goal was to further expand the BODIPY 
library, and to study their interactions with the catalytic porphyrin system. 
On a monomeric scale, different alkene stereoisomers were prepared to 
study the differences in their catalytic conversion. Furthermore, to gain a 
better insight into the previously established polymer epoxidation 
reactions, alkene-linked BODIPY dimers were prepared. These were 
sensitive towards chemical changes in the alkene linkers, which provided a 
solid foundation for the synthesis of alkene-functionalised BODIPY 
monomers. Several ways to (co)polymerise these monomers were 
examined, and are reported together with the catalytic studies of the 
successfully prepared compounds herein. 
6.1  Introduction 
Processive enzymes, such as DNA polymerase and λ-exonuclease, operate by threading 
onto or encircling a polymeric DNA substrate and, whilst threading along the substrate, carry 
out sequential rounds of chemical reactions in a process that occurs with high fidelity and 
efficiency.[1] Rotaxane-like architectures are also essential for the transport of proteins across 
membranes and for the packaging and release of RNA and DNA through holes or openings in 
viruses.[2] Understanding the processive catalysis in biological systems is very important because 
it may open up the possibility of developing novel, powerful analytical methods, such as the 
rapid sequencing of DNA molecules, gene therapy, and the controlled delivery of drugs.[3] The 
main goal behind the synthesis,[4] and initial small-substrate catalytic studies,[5] of the toroidal 
porphyrin cages described in Chapter 5 (Figure 6.1), is the development of synthetic catalysts 
that can thread onto a polymer in a pseudo-rotaxane-like manner and carry out sequential 
catalysis.[6] To achieve this goal, it is necessary to study the threading and catalytic processes 
simultaneously in detail through pro-fluorescent polymer substrates. The work described in this 
chapter aims to take small steps toward the synthesis of such pro-fluorescent polymer substrates. 
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Figure 6.1  Porphyrin catalysts. 
To mimic the enzymatic behaviour of processive enzymes, the rotaxane complex Mn1 
was tested previously as a catalyst for the conversion of polybutadiene (PB) into polybutadiene 
epoxide (PE).[6-7] The catalytic studies have shown effective processive epoxidation of alkenes 
along the polymer backbone, as a result of the threading of the polymer through the cavity of 
the macrocycle.[6] The threading mechanism itself was the object of later research, which 
suggested, based on kinetic studies, that the oxidation of the polymeric substrate was not 
sequential, but had the character of a random sliding process, since the rate of movement over 
the polymer chain was several orders of magnitude larger than the turnover rate of the catalytic 
reaction.[8] The threading process could be described by a modified consecutive hopping model, 
which included a kinetically favourable so-called entron effect. This is a process in which the 
polymer chain initially binds to the outside of the cavity of H21 and subsequently folds back 
and fills the cavity of the clip.[9] 
The epoxidation of PB was not observed in real time, but rather in a stepwise manner 
and post-reaction analysis was used to determine the conversion rates and reaction yields. The 
threading studies, although ideal for giving a thorough insight into the variables that influenced 
the overall processes, could not directly distinguish between binding to and threading along the 
polymer, and thus, could not give a clear answer as to whether the threading process was indeed 
sequential or happened in a random fashion. 
The alkene-functionalised BODIPY introduced in Chapter 5 proved to be an ideal 
fluorescent reporter for the catalytic activity of the manganese porphyrin cages. In addition to 
this function,[10] monomeric BODIPY molecules have been used for various applications as a 
side-chain functional group in donor–acceptor polymers, in thermoresponsive polymers, and in 
polymers responsive to electrochemical changes.[11] Several methods have been reported for the 
preparation of copolymers containing the BODIPY unit in the polymer main chain. These were 
prepared mainly through palladium-catalysed cross-coupling reactions,[12] electropolymerisation 
reactions[13], metal coordination,[14] and oxidative coupling reactions.[15] Most of the prepared 
copolymers showed an extended conjugation along their backbone, as suggested by the redshifts 
in their absorption and emission maxima relative to those of their monomeric units. In some of 
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the studies, however, no major changes in absorption and emission maxima were observed, 
mainly as a result of the nonplanarity of the system. The changes in the optical properties were 
additionally dependent upon the nature of the linkers used (e.g. acetylenes, phenyls).  
The sensitivity of the BODIPY-based copolymers towards chemical changes in their 
copolymeric units, in combination with the alkene-BODIPY reporter established in previous 
chapter, was used as the main motif for the preparation of polymers with multiple alkene active 
centres. To achieve this goal, an alkene–BODIPY copolymer was designed, together with a 
model dimeric system, to study the chromophoric changes between the BODIPY cores. In 
addition, cis-  and trans-styryl-functionalised BODIPYs were prepared to study spectroscopically 
the different activities and rates of epoxidation of these isomers (Figure 6.2). 
 
Figure 6.2  Schematic representations of the target BODIPY compounds. 
The different approaches towards the synthesis of the target compounds are discussed 
together with optical studies on the catalytic activity of the porphyrin complexes in the 
epoxidation of the prepared reporters. As before, UV–vis and fluorescence spectroscopy were 
used to visualise the chemical changes in the prepared substrate compounds and the epoxidised 
products.  
6.2  Results  and discussion 
6.2.1  Synthesis  and optical  properties  of  BODIPY monomers 
The syntheses of the target BODIPY compounds were conducted analogously to the 
synthesis of the alkene-BODIPY described in Chapter 5, which was based on a previously 
described procedure.[16] 
 
Scheme 6.1  Synthesis of carboxylic acid 8. 
The cis/trans-alkene functionalities were introduced by a Wittig reaction of 3 with 
compound 4. This gave the monoalkene 5 in 75% yield as a mixture of cis and trans isomers 
(49:51, according to the 1H NMR spectrum of the mixture), which could not be separated and 
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were used together in the next reaction. The bromide 5 was then lithiated and the subsequent 
addition of N,N-dimethylformamide (DMF) provided 6 as a mixture of two isomers in 72% 
yield. Separation of this mixture on silica gel provided cis- and trans-6 in a ratio of 45:55 
(cis/trans). The trans isomer was isolated as a pure compound. For the cis-isomer, however, even 
after several attempts at purification by column chromatography on silica gel, traces of the trans 
product were always present (≈3% according to 1H NMR spectroscopy). Despite this 
contamination, it was decided to continue with the synthesis of the cis-alkene, with the aim of 
removing impurities in later reaction steps. The next step was a two-step condensation reaction, 
which provided the pure esters cis- and trans-7 in 36 and 42% yield, respectively. In the last 
step, the esters were hydrolysed, which provided the corresponding carboxylic acids in high 
yields. 
The synthesis of the second part of the target monomeric BODIPY, compound 9 was 
described in Chapter 5 (Scheme 5.2, compound 16). This was reacted in the last step of the 
synthesis with the carboxylic acids cis- or trans-8. This multi-step reaction provided the target 
compounds cis- and trans-10 (Scheme 6.2). 
 
Scheme 6.2  Synthesis of BODIPYs cis-10, trans-10. TFA=trifluoroacetic acid. 
BODIPY cis-10 was obtained as an almost pure compound (95–97%, according to 1H 
NMR spectroscopy). This purity grade was, however, not sufficient for the optical spectroscopy 
measurements. Several efforts to achieve higher purity were made in the course of the synthesis 
of cis-10, as mentioned earlier, but it was not possible in any of the synthetic steps. Even when 
collected in multiple fractions from the silica gel column, each of the fractions always contained 
the same amount of the trans contaminant. These observations might be likely the result of a 
photoinduced cis–trans isomerisation. Conjugated systems, which is the case for cis-10, are even 
more likely to undergo these kinds of geometry changes.[17] Thus, cis-10 could not be used as a 
material for exact spectroscopic measurements, and only trans-10 was used for epoxidation 
visualisation. 
The results obtained in the previous chapter indicated that the most suitable catalytic 
system for the epoxidation of this class of compounds was the combination of Mn2 and 4-
{[(tert-butyldiphenylsilyl)oxy]methyl}pyridine (SiPy) ligand. This assumption was initially 
tested by three test-tube reactions; all containing a small amount of trans-10 and an excess of 
meta-chloroperoxybenzoic acid (mCPBA). A colour change from green to blue–red was 
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observed only after the addition of the three catalysts, Mn1, Mn2, and MnTMPP, to the 
respective solutions. The solution containing Mn2 as a catalyst changed colour almost 
immediately, followed by the colour change of the MnTMPP-containing solution. The 
solution with Mn1 as a catalyst was the slowest to change colour. Catalyst Mn2 was therefore 
used in combination with the ligand SiPy for the epoxidation experiments. The optical 
properties of cis- and trans-10, together with the product of epoxidation of trans-10, E1, are 
summarised in Table 6.1. 
 Optical properties of cis/trans-10 and E1. PL = photoluminescence Table 6.1
Compound Structure 
UV–vis 
(λ abs) [nm] 
PL 
(λ em) [nm] 
cis-10 
 
650 655 
trans-10 
 
675 677 
E1 
 
618 620 
 
Only trans-10 was tested for the visualisation of the epoxidation reaction. When 
exposed to the catalytic system, both the absorption and emission maxima showed a 57 nm 
blueshift. 
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Figure 6.3  Fluorescence spectrum of the reaction mixture during the epoxidation of 
trans-10 . a) Changes to the spectrum with time. b) Plot of the 
fluorescence intensities at 677 (trans-10 ) and 620 nm (E1) as a 
function of time. Experimental conditions: trans-10  (1 equiv), Mn2  
(0.004 equiv), mCPBA (4 equiv), S iPy  (2 equiv). 
The fluorescence spectra of trans-10, as well as the changes in  λem intensity over time, 
are shown in Figure 6.3. The decrease in the fluorescence intensity of the alkene was 
accompanied by an increase in the fluorescence intensity of the epoxide. This epoxidation 
reaction followed first-order kinetics with a initial rate constant of 0.221 min–1 (Figure 6.4, in 
bold; for details, see Chapter 5: Eq. 5.1). This value is higher than that observed for the 
BODIPY substrate used in Chapter 5. 
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Figure 6.4  Kinetic parameters of trans-10 ; catalysis by Mn2 . Plot of the data is 
shown in Figure 6.3 b. 
Spectroscopic measurements confirmed the “test-tube observation” that even with a 
large excess of the oxidant mCPBA no epoxidation occurred until a porphyrin derivative 
(Mn1, Mn2, or MnTMPP) was added to the reaction mixture. 
To fully characterise the epoxidised product E1, a larger scale reaction was performed, 
which gave a mixture of the starting compound (trans-10) and the product (E1). Subsequent 
purification by means of preparative TLC was unable to isolate E1 as a pure compound. In the 
1H NMR spectrum of this mixture, two new signals at 4.31 and 4.22 ppm were observed; these 
were assigned to the protons of the epoxide (for details, see Experimental section 6.5). MALDI-
ToF MS confirmed the presence of the fragmented product (E1 – F– m/z 477), but also showed 
the presence of the starting compound.  
6.2.2  Synthesis  and optical  properties  of  BODIPY dimer 
For the syntheses of the BODIPY dimer and polymer, the target intermediate 11 was 
chosen. For the synthesis of the dimer, compound 11 was reacted with 9 to provide a non-
symmetric, terminal-alkene-functionalised BODIPY, which was later dimerised. Thanks to the 
modularity of this approach, compound 11 could also be used for the synthesis of a symmetric 
BODIPY functionalised on both sides with terminal alkenes, which could later be polymerised 
(Figure 6.5). 
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Figure 6.5  Synthetic strategy towards a BODIPY dimer and polymer. 
The synthesis of precursor 11 followed the same reaction pathway as the synthesis of 9, 
starting with a Suzuki–Miyaura cross-coupling reaction, but instead of using phenylboronic 
acid in the first step, compound 13 was used (Scheme 6.3). In this approach, the target 
carboxylic acid 11 was obtained. Following the synthetic strategy for the preparation of the 
polymer as outlined in Figure 6.5, the cleavage of the carboxylic group in strongly acidic 
conditions and a subsequent formylation reaction with triethylorthoformate should yield 
aldehyde 12. However, this compound was not obtained, even after repeated efforts. The 
reason for this was most likely the presence of the terminal alkene in 11, which probably 
polymerised under the strongly acidic conditions used during decarboxylation.[18] 
 
Scheme 6.3  Synthesis of the alkene-functionalised acid 11. 
To circumvent the decomposition of 11 during reduction, a different approach was 
chosen that used the Deoxo-Fluor™ reagent.[19] This procedure was reported as a two-step, one-
pot reaction with very high yields that proceeded via the in situ formation of a Weinreb 
amide,[20] which then underwent a nucleophilic reaction with diisobutylaluminium hydride 
(DIBAL-H) to form the desired aldehyde. When following the published procedure, it was only 
possible to isolate the corresponding Weinreb amide 16 (Scheme 6.4). This amide was then 
reduced by using a different reduction agent, LiAlH4. To avoid reduction to the corresponding 
alcohol, the reaction was conducted for only a short amount of time at low temperature, 
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resulting in the recovery of 60% of the unreacted intermediate 16 and yield of 30% of the 
desired aldehyde 12. 
 
Scheme 6.4  Synthesis of aldehyde 12. 
The sensitivity of the terminal double bond towards acids made it impossible to use the 
originally anticipated synthetic procedure for the formation of the non-symmetric BODIPY 
dimer precursor (Figure 6.5). Therefore, an alternative procedure was chosen that did not 
require the use of TFA. This condensation reaction of 12 with commercially available 2,4-
dimethylpyrrole in the presence of POCl3 yielded BODIPY 17 in a yield of 53% (Scheme 6.5). 
 
Scheme 6.5  Synthesis of BODIPY 17 and BODIPY dimer 18 and its epoxidation to 
E2. 
The final BODIPY dimer 18 was prepared by a condensation reaction of 17 in the 
presence of the second-generation Grubbs catalyst.[21] Although compound 18 was separated on 
a column of silica gel as a single fraction, due to low solubility and a low signal/noise ratio, 1H 
NMR spectroscopy did not provide a clear answer as to whether the cis-, the trans-, or a mixture 
of these two isomers was isolated. The formation of BODIPY dimer 18 was confirmed by 
MALDI-ToF MS and optical measurements. The optical properties of the prepared compounds 
are summarised in Table 6.2. 
O
N
H
COOH
11
O
N
H O
12      30%
1. HN(OMe)Me, iPr2NEt, 0 ºC
2. Deoxo-Fluor reagent
3. DIBAL-H, –78 ºC
1. HN(OMe)Me, iPr2NEt, 0 ºC O
N
H O
N OMe
Me
16     40%
LiAlH4, –78 ºC
2. Deoxo-Fluor reagent
O
N
H O
12
N
H
1. POCl3
2. iPr2NEt
3. BF3.(OEt2)
+ N B
N
FF
O
BODIPY
BODIPY
Grubbs II
O
O
N
N
N B
B NF
F
F
17        53%
18        34%
2,4-dimethylpyrrole
F
epoxidation
O
O
N
N
N B
B NF
F
F E2
F
O
Chapter 6 
 170 
 Optical properties of 17, 18, and E2 Table 6.2
Compound 
UV–vis 
(λabs) [nm] 
PL 
(λem) [nm] 
17 
 
586 588 
18 
 
626 637 
E2 * 601 609 
  *not shown, colour (judged by the naked eye) was identical to 18.  
A difference of 42 nm in the absorption maxima of 17 and 18 was observed, which 
could be seen by the naked eye, since the dimerisation of 17 resulted in a clear colour change of 
the solution. Furthermore, the Stokes shift increased from 2 nm in 17 to 11 nm in dimer 18. 
Similar behaviour was observed previously when the increasing length of BODIPY oligomers 
was reflected in an increased Stokes shifts as a result of a higher non-radiative decay.[15] 
Catalytic experiments on the epoxidation of the alkene in BODIPY dimer 18 were 
carried out with catalyst Mn2, since it was expected to accommodate the substrate better, 
thanks to the larger cavity diameter relative to Mn1.  
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Figure 6.6  Conversion of dimer 18 , λex = 615 nm. a) Spectra over time. b) Plot of 
fluorescence intensities at 609 (E2) and 637 nm (18) as a function of 
time. Experimental conditions: 18  (1 equiv), Mn2  (0.01 equiv), 
mCPBA (4 equiv), S iPy  (2 equiv). 
The obtained results (Figure 6.6) show that over the course of the reaction there is a 
disappearance of the substrate band at 637 nm and the appearance of a new band blueshifted by 
28 nm in the fluorescence spectrum of 18. This shift was indicative of the conjugation between 
the BODIPY units being disrupted by the oxidation of the alkene to the epoxide. The decrease 
in the fluorescence intensity of 18 was much faster than the increase in the fluorescence 
intensity of the epoxide product E2. This could be result of product decomposition, and will be 
investigated in the future. Similarly to trans-10, calculations showed that this reaction followed 
first-order kinetics and the initial rate constant was determined to be 0.118 min–1 (Figure 6.7, 
bold). 
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Figure 6.7  Kinetic parameters of 18 ; conversion by Mn2 . Plot of the data is shown 
in Figure 6.6 b. 
These results represented a solid base for the optical studies of higher (oligo-) polymeric 
BODIPY compounds. 
6.2.3  Synthesis  of  BODIPY polymers 
Following on from the promising results obtained from the optical studies of BODIPY 
dimers, it was reasonable to expect similar behaviour for higher generation BODIPY 
compounds. The sensitivity of the terminal double bond in 11 influenced the synthetic strategy 
towards the synthesis of the BODIPY polymer (Figure 6.5). Because there was no need, in this 
case, to prepare non-symmetric BODIPY compounds, an alternative strategy was chosen in 
which the alkenes were introduced in the last step of the synthesis of the monomeric BODIPY 
unit (Scheme 6.6), instead of the original strategy, in which the double bonds were introduced 
into the system in the very first reaction step (Scheme 6.3). 
 
Scheme 6.6  Synthesis of monomeric BODIPY 22. 
The synthetic procedure towards iodinated compound 21 followed a literature 
procedure and gave the product in comparable yields.[22] In the last step, the alkene 
functionalities were introduced to BODIPY 22 through a Suzuki–Miyaura coupling of 
compound 21 and boronic acid 13. The extended aromaticity of alkene-functionalised 
BODIPY 22 resulted in a small redshift of the absorption and emission maxima, as well as in 
an increase in the fluorescence intensity of 22 relative to that of 21 (Table 6.3). In the case of 
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BODIPY 21, the heavy-atom effect induced by iodine atoms partially quenched the 
fluorescence of this compound. BODIPY 22 showed a much higher Stokes shift (24 nm) than 
that of 21 (7 nm), most likely as a result of the decreased rigidity of the aromatic system. 
Compound 22 was then polymerised in the presence of the second-generation Grubbs catalyst 
under similar conditions to those used in the synthesis of BODIPY dimer 17. 
 
Scheme 6.7  Polymerisation of BODIPY 22. 
Polymer 23 was obtained in good yield after precipitation of the reaction mixture and 
several washings with methanol. Due to poor solubility in all commonly used solvents, it was 
not possible to characterise 23 by 1H NMR spectroscopy. The low concentrations used for 
optical spectroscopy measurements, however, made it possible to fully dissolve 23. A small 
redshift in both the absorption and emission spectra of 23 was observed compared with 
monomeric precursor 22. The optical properties of compounds 21–23 are summarised in 
Table 6.3. 
 Optical properties of BODIPY compounds 21–23 Table 6.3
Compound 
UV–vis 
(λabs) [nm] 
PL 
(λem) [nm] 
21 540 547 
22 546 570 
23 553 580 
 
The UV–vis and fluorescence spectra of 21–23, together with photographs of the 
solutions under normal and UV light (365 nm), are shown in Figure 6.8. 
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Figure 6.8  a) Normalised UV–vis spectra of compounds 21–23 . b) Normalised 
fluorescence spectra of compounds 21–23 . 
Characterisation of polymer 23 by means of gel-permeation chromatography with mass 
spectrometry (GPC–MS; THF, polystyrene standards, 254 nm) did not indicate the presence of 
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high molar mass species. When MALDI-ToF MS (dithranol) was used, molecular ion signals 
corresponding to only the dimeric species were detected (Scheme 6.7; n = 2). From all of the 
characterisation techniques used above, it could therefore be concluded that no starting 
compound was present in the product mixture, and that dimerisation led to a small increase in 
conjugation of the system. No high molar mass species could be detected, with the exception of 
dimers. The compounds obtained were highly insoluble compared with the monomeric starting 
compound. When comparing the results obtained with those published,[12d, 12h, 15] it was clear 
that solubilising groups needed to be introduced in the polymeric backbone to enhance 
solubility. This was achieved by introducing side chains at the meso position of the BODIPY 
core (Figure 6.9a), or by copolymerisation of BODIPY monomers with monomers containing 
solubilising alkane side-chains (Figure 6.9b).[12b, 12e, f] The increasing amount of the solubilising 
groups was also reflected in the increasing length of BODIPY (co)polymers.[12c] It was predicted 
that none of the previous approaches could be used in this case, since any alkane side chains 
would be sterically too demanding and would prevent the substrate from entering the cavity of 
the catalytic complex. With this in mind, BODIPY copolymers were designed that contained 
the solubilising units directly in the polymer main chain and not as a lateral group (Figure 6.9d). 
 
Figure 6.9  Different approaches used for the introduction of solubilising groups 
(SGs) in BODIPY polymers. a), b) Previously used approaches with 
lateral groups. c) Original approach without solubilising groups. d) 
Modified approach by using a solubilising main-chain copolymeric linker. 
Two types of linkers were chosen for the BODIPY copolymers: an alkane and a glycol 
linker. Similar to the previous polymerisation reaction, the copolymers were obtained by 
ruthenium-mediated alkene metathesis. The BODIPY core was incorporated into the polymers 
by using compound 22. Cyclooctene was used as the reaction partner to introduce the alkene 
linker. The glycols were introduced by using compound 24, which was prepared from the 
reaction of allyl alcohol (25) and 1,4-dibromobenzene (26), as described in the literature.[23] 
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Scheme 6.8  Synthesis of BODIPY copolymers. 
Reacting the two alkene-containing linkers with BODIPY 22 in the presence of the 
second-generation Grubbs catalyst provided the desired polymers 27 and 28 in good yields 
(Scheme 6.8). Polymer 27 showed slightly better solubility in common organic solvents 
compared with 28; this was likely as a result of the longer linker chain and also the presence of 
oxygen atoms in the linker, which prevented aggregation of the polymers. The optical 
properties of polymers 27 and 28 are summarised in Table 6.4. 
 Optical properties of polymers 27 and 28 Table 6.4
Compound 
UV–vis 
(λabs) [nm] 
PL 
(λem) [nm] 
27 550 575 
28 551 575 
 
The isolated mixture showed nearly identical absorption and emission maxima 
compared to the starting compound 22. Despite the slightly improved solubility of polymer 27, 
compared with 28, or previously prepared homopolymer 23, neither GPC–MS (THF, 
polystyrene standards, 254 nm) nor MALDI-ToF MS showed the presence of high molar mass 
species. Since no solubilising side groups can be used in this case, due to the spatial 
requirements of the clip cavity, the next steps towards improving the solubility of this kind of 
polymers should include even longer comonomeric units to link the BODIPY cores. Such a 
linear copolymeric system, based on 27 or 28, should still allow the threading of the porphyrin 
clip because no bulky solubilising side groups will be required. This copolymer should make it 
possible to observe the catalytic reaction along the polymer in real time by means of 
fluorescence spectroscopy. However, decreased electronic communication between the separated 
BODIPY units, will most likely prevent a detailed view on the sequentiality of such processes, 
which would be, in theory, possible if a fully conjugated system (such as 10) was employed. 
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6.3  Conclusion 
These studies highlight that two novel BODIPY–alkenes can be effectively epoxidised 
inside of the cavity; thus allowing the efficient visualisation of chemical reactions. To visualise 
and determine different affinities and rates of epoxidation of cis- and trans-alkenes, efforts were 
made towards the synthesis of cis/trans-stilbene analogues; however, only the trans isomer was 
prepared in sufficient purity for use in the catalytic optical studies. To prove the principle of 
conjugation cleavage between adjacent BODIPY units, a dimeric BODIPY molecule was 
prepared, characterised, and successfully tested in the presence of the catalytic system. The 
positive results obtained are the basis for a new class of alkene–BODIPY polymers, which 
should allow the simultaneous study of threading rate versus catalysis rate in processive catalysis. 
These oligomers showed very poor solubility as a result of a lack of solubilising groups, which 
led to the synthesis of a new class of copolymers. These new copolymers unfortunately did not 
provide a significant improvement in solubility. Future work should be focused on further 
improving the solubility of the copolymers, and characterisation of the catalytic processes by 
fluorescence spectroscopy and in real time on surfaces by using confocal microscopy.  
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6.5  Experimental  section 
General .  For general information, see Experimental section 2.5 (p. 60). Porphyrin 
clips 4 and 8 and their metallated analogues MnTMPP[4] and compounds 9,[16b] 14,[24] and 
19–21[22b] were prepared by following procedures reported in the literature.  
Optical  measurements.  In a typical experiment, a 1 mM solution (10 µL) of the 
BODIPY (1 equiv) and a 10 µM solution (4 µL) of the porphyrin catalyst (0.004 equiv for 
trans-10, 0.01 for 18) were added to dichloromethane (2 mL); the resulting BODIPY 
concentration was 5 µL. When required, a 1 mM solution (20 µL) of ligand (2 equiv) was 
added to the mixture. Finally, a 1 mM solution (40 µL) of the mCPBA oxidant (4 equiv) was 
added and the mixture was shaken several times. After 15 s, the cuvette was placed in the 
fluorescence spectrometer. Each measurement consisted of 50 scans with a delay of 
approximately 71 s between the start of each consecutive scan (almost 1 h in total) and was 
measured independently 3 times. 
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6.5.1  Synthesis  of  BODIPY monomers 
2-Bromo-5-styrylfuran (5).  To a solution of 4 (4.47 g, 11.4 mmol) in THF (100 
mL) at 0 °C, nBuLi (1.6 M in hexane, 10.7 mL, 11.4 mmol) was added 
dropwise, followed by stirring for 10 min, after which time a solution of 3 
(1.94 g, 11.4 mmol) in THF (40 mL) was added. The reaction mixture was allowed to warm to 
room temperature and stirred for 24 h. The reaction was quenched with water (10 mL) and the 
resulting mixture was extracted with diethyl ether (3×70 mL). The combined organic layers 
were washed with brine and dried over Na2SO4. After filtration, the solvent was evaporated and 
the crude mixture was purified by column chromatography with pentane as the eluent to give 
the product (1.66 g, 58%) as a mixture of cis- and trans-5  as a yellow oil. In the 1H and 13C 
NMR spectra, it was possible to assign the signals for each isomer separately. cis-5: 1H NMR 
(400 MHz, CDCl3, ppm) δ 7.44–7.39 (m, J = 7.7 Hz, 2H, CArH), 7.36–7.30 (m, 2H, CArH), 
7.29–7.23 (m, 1H, CArH), 6.47 (d, J = 12.6 Hz, 1H, CH=CH), 6.28 (d, J = 12.4 Hz, 1H, 
CH=CH), 6.19 (d, J = 3.4 Hz, 1H, CArH), 6.14 (d, J = 3.3 Hz, 1H, CArH). 13C NMR (75 MHz, 
CDCl3, ppm) δ 154.1, 137.0, 128.7, 128.5, 128.2, 127.6, 120.9, 117.3, 112.9, 111.9. trans-5: 
1H NMR (400 MHz, CDCl3, ppm) δ 7.47–7.41 (m, 2H, CArH), 7.35–7.29 (m, 2H, CArH), 
7.26–7.20 (m, 1H, CArH), 7.01 (d, J = 16.3 Hz, 1H, CH=CH), 6.76 (d, J = 16.2 Hz, 1H, 
CH=CH), 6.31 (d, J = 3.4 Hz, 1H, CArH), 6.26 (d, J = 3.3 Hz, 1H, CArH). 13C NMR (75 MHz, 
CDCl3, ppm) δ 155.2, 136.7, 128.7, 127.8, 127.7, 126.4, 121.7, 115.5, 113.4, 110.7. IR (neat, 
cm–1) ῦmax 3144, 3062, 3027, 1597, 158, 1480, 1446, 1187, 1126, 1014, 953, 923, 780, 690.  
5-Styrylfuran-2-carbaldehyde (6).  To a solution of 5 (1.5 g, 6.06 mmol) in THF 
(100 mL) at –78 °C, nBuLi (4.5 mL, 7.27 mmol, 1.6M in hexane) was 
added dropwise. The reaction mixture was stirred for 15 min before DMF 
(0.93 mL, 12.12 mmol) was added. The reaction mixture was allowed to 
warm to room temperature and stirring was continued for 1 h. The reaction mixture was 
poured into an ice-cooled aqueous solution of HCl (200 mL, 2M) and the aqueous layer was 
extracted with diethyl ether (3×100 mL). The combined organic layers were washed with brine 
and dried over Na2SO4. After filtration, the solvent was evaporated and the crude mixture was 
purified by column chromatography with pentane/CH2Cl2 (4/1) as the eluent to afford cis-6  
(420 mg, 35%) as a mixture with the trans isomer (cis/trans 95/5, according to 1H NMR 
spectroscopy) as a yellow oil, and pure trans-7 (439 mg, 37%) as orange crystals. cis-6: 1H 
NMR (400 MHz, CDCl3, ppm) δ 9.54 (s, 1H, COH), 7.44–7.41 (m, 2H, CArH), 7.41–7.35 
(m, 2H, CArH), 7.35–7.30 (m, 1H, CArH), 7.11 (d, J = 3.8, 1H, CArH), 6.83 (d, J = 12.5 Hz, 
1H, CH=CH), 6.48 (d, J = 12.5 Hz, 1H, CH=CH), 6.31 (d, J = 3.7 Hz, 1H, CArH). trans-6: 
1H NMR (400 MHz, CDCl3, ppm) 9.59 (s, 1H, COH), 7.53–7.48 (m, 2H, CArH), 7.42–7.34 
(m, 3H, CArH, CH=CH), 7.34–7.28 (m, 1H, CArH), 7.25 (d, J = 3.7 Hz, 1H, CArH), 6.93 (d, J 
= 16.3 Hz, 1H, CH=CH), 6.53 (d, J = 3.7 Hz, 1H, CArH). The NMR spectroscopic data were 
in agreement with values reported in the literature.[25] 
OBr
O
O
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(Z)-2-Styryl-4H -furo[3,2-b]pyrrole-5-carboxylic  acid ethyl ester  (ci s-7) .  
See General procedure 5.1 (p.153): Aldehyde cis-6 (0.44 g, 2.2 mmol), 
ethyl azidoacetate (0.64 g, 4.9 mmol), absolute ethanol (25 mL), sodium 
ethoxide (1.7 g, 4.9 mmol, 20 wt % in ethanol), 0 °C, 4 h, toluene (40 
mL), reflux, 2 h. Column chromatography on silica gel with pentane/ethyl 
acetate (4/1) as the eluent afforded the product (0.23 g, 36%) as an orange oil, which contained 
the trans isomer (cis/trans 97/3, according to 1H NMR spectroscopy). 1H NMR (300 MHz, 
CDCl3, ppm) δ 9.21 (s, 1H, NH), 7.56–7.47 (m, 2H, CArH), 7.43–7.34 (m, 2H, CArH), 7.34–
7.27 (m, 1H, CArH), 6.73 (dd, J = 1.6, 0.9 Hz, 1H, CArH), 6.57 (d, J = 12.6 Hz, 1H, CH=CH), 
6.40 (d, J = 12.7 Hz, 1H, CH=CH), 6.26 (s, 1H, CArH), 4.35 (q, J = 7.1 Hz, 2H, CH2CH3), 
1.38 (t, J = 7.1 Hz, 3H, CH2CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 162.1, 158.0, 147.3, 
137.2, 130.2, 129.4, 128.6, 128.1, 127.5, 124.5, 118.6, 98.0, 96.5, 60.5, 14.4. IR (neat, cm–1) 
ῦmax 3296, 2975, 2068, 1666, 1519, 1433, 1281, 1200, 1018, 884, 798, 754, 698. MALDI-
ToF MS (dithranol) m/z calcd C17H15NO3: 281.11; found: 280.91. 
(E)-2-Styryl-4H -furo[3,2-b]pyrrole-5-carboxylic  acid ethyl ester  ( trans-7).  
See General procedure 5.1 (p.153): Aldehyde trans-6 (0.52 g, 2.6 
mmol), ethyl azidoacetate (0.68 g, 5.3 mmol), absolute ethanol (25 
mL), sodium ethoxide (1.8 g, 5.3 mmol, 20 wt % in ethanol), 0 °C, 3 
h, toluene (50 mL), reflux, 2 h. Column chromatography on silica gel with pentane/ethyl 
acetate (4/1) as the eluent afforded the pure product (0.35 g, 47%) as a yellow solid. 1H NMR 
(300 MHz, CDCl3, ppm) δ 8.68 (s, 1H), 7.52–7.44 (m, 2H, CArH), 7.41–7.30 (m, 2H, CArH), 
7.29–7.22 (m, 1H, CArH), 7.18 (d, J = 16.2 Hz, 1H, CH=CH), 6.89 (d, J = 16.2 Hz, 1H, 
CH=CH), 6.81–6.73 (m, 1H, CArH), 6.36 (s, 1H, CArH), 4.35 (d, J = 7.1 Hz, 2H, CH2CH3), 
1.38 (t, J = 7.1 Hz, 3H, CH2CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 161.8, 159.3, 148.0, 
136.7, 130.1, 128.7, 128.5, 128.4, 126.5, 124.4, 116.9, 97.0, 96.5, 60.5, 14.5. IR (neat, cm–1) 
ῦmax 3286, 2967, 2928, 1671, 1432, 1286, 1208, 1100, 1027, 953, 750, 685. MALDI-ToF MS 
(dithranol) m/z calcd for C17H15NO3: 281.11; found: 280.95. 
(Z)-2-Styryl-4H -furo[3,2-b]pyrrole-5-carboxylic  acid (ci s-8).  See General 
procedure 5.2 (p.154): NaOH (0.33 g, 8.2 mmol), water (5 mL), cis-7 
(0.15 g, 0.54 mmol), ethanol (10 mL), reflux, 40 min. The product (0.13 g, 
95 %) was obtained without further purification as a green solid. 1H NMR 
(300 MHz, DMSO-d6, ppm) δ 12.63–12.19 (brs, 1H, COOH), 11.46 (s, 1H, NH), 7.55–7.43 
(m, 2H, CArH), 7.43–7.24 (m, 3H, CArH), 6.60 (s, 1H, CArH), 6.54 (d, J = 12.8 Hz, 1H, 
CH=CH), 6.49–6.39 (m, 2H). 1H NMR (300 MHz, Acetone-d6, ppm) δ 10.47 (s, 1H, NH), 
7.56–7.49 (m, 2H, CArH), 7.42–7.34 (m, 2H, CArH), 7.34–7.27 (m, 1H, CArH), 6.68 (dd, J = 
1.7, 0.9 Hz, 1H, CArH), 6.59 (d, J = 12.7 Hz, 1H, CH=CH), 6.46 (d, J = 12.9 Hz, 1H, 
CH=CH), 6.42 (s, 1H, CArH). 13C NMR (75 MHz, DMSO-d6, ppm) δ 162.4, 156.9, 146.8, 
137.0, 129.7, 128.6, 128.23, 128.20, 127.6, 125.4, 118.3, 99.4, 95.4. 13C NMR (75 MHz, 
acetone-d6, ppm) δ 163.0, 158.9, 148.5, 138.6, 131.5, 130.1, 129.9, 129.3, 128.6, 126.2, 
119.6, 99.8, 96.9. IR (neat, cm–1) ῦmax 3417, 3378, 2967, 2902, 2557, 1640, 1541, 1437, 1260, 
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1079, 914, 750, 690. MALDI-ToF MS (dithranol) m/z calcd for C15H11NO3: 253.07; found: 
252.87. 
(E)-2-Styryl-4H -furo[3,2-b]pyrrole-5-carboxylic  acid ( trans-8).  See General 
procedure 5.2 (p.154): NaOH (0.71 g, 18 mmol), water (5 mL), trans-
7 (0.34 g, 1.2 mmol), ethanol (15 mL), reflux, 1 h. The product (0.30 
g, 98 %) was obtained without further purification as a green solid. 1H 
NMR (300 MHz, DMSO-d6, ppm) δ 12.51–12.32 (brs, 1H, COOH), 11.55 (s, 1H, NH), 
7.67–7.51 (m, 2H, CArH), 7.44–7.22 (m, 3H, CArH), 7.22–7.05 (m, 2H, CH=CH), 6.69 (s, 
1H, CArH), 6.63 (s, 1H, CArH). 13C NMR (75 MHz, DMSO-d6, ppm) δ 162.4, 158.2, 147.2, 
136.5, 130.2, 128.8, 127.8, 127.0, 126.4, 125.1, 117.4, 98.3, 95.4. IR (neat, cm–1) ῦmax 3373, 
2928, 2552, 1662, 1442, 1273, 1217, 940, 754, 685, 607. MALDI-ToF MS (dithranol) m/z 
calcd for C15H11NO3 – H+: 252.07; found: 252.11. 
Compound  trans-10. Compound trans-8 (63 mg, 0.25 mmol) was dissolved in TFA 
(2 mL) and stirred at 50 °C. After 7 min, carbaldehyde 9 (53 
mg, 0.25 mmol) was added, followed by POCl3 (1.5 mL, 16.2 
mmol). After 7 min, the reaction mixture was allowed to cool 
to room temperature and was poured into a saturated solution of NaHCO3. The precipitate was 
collected and dried in vacuo. The resulting compound was dissolved in chloroform (50 mL) 
and triethylamine (TEA; 0.17 mL, 1 mmol) was added followed by BF3·OEt2 (0.12 mL, 1 
mmol). The reaction mixture was heated at reflux for 30 min. After cooling to room 
temperature, the reaction mixture was diluted with chloroform, washed with a saturated 
aqueous solution of sodium bicarbonate and brine, and dried over Na2SO4. After filtration, the 
solvent was evaporated and the crude mixture was purified by column chromatography with 
chloroform as the eluent to give the product (70 mg, 61%) as metallic blue–grey crystals. 1H 
NMR (400 MHz, CDCl3, ppm) δ 7.85–7.81 (m, 2H, CArH), 7.57–7.53 (m, 2H, CArH), 7.50–
7.44 (m, 2H, CArH), 7.44–7.39 (m, 3H, CArH), 7.39–7.34 (m, 2H, CArH), 7.08 (s, 1H), 6.98 
(d, J = 15.9 Hz, 1H), 6.95–6.94 (m, 1H), 6.59 (s, 1H), 6.51 (s, 1H), 6.46–6.44 (m, 1H). IR 
(neat, cm–1) ῦmax 3135, 2928, 2846, 1597, 1567, 1411, 1329, 1308, 1243, 1057, 949, 888, 750, 
629. UV–vis (CH2Cl2) λabs = 675 nm. MALDI-ToF MS (dithranol) m/z calcd for 
C29H19BF2N2O2: 450.24; found: 450.89. 
Compound ci s-10. Compound cis-8 (43 mg, 0.17 mmol) was dissolved in TFA (2 
mL) and stirred at 50 °C. After 7 min, carbaldehyde 9 (36 mg, 0.17 
mmol) was added followed by POCl3 (1.5 mL, 16.2 mmol). After 7 
min, the reaction mixture was allowed to cool to room temperature 
and was poured into a saturated solution of NaHCO3. The precipitate 
was collected and dried in vacuo. The resulting compound was dissolved in chloroform (10 mL) 
and BF3·OEt2 (0.08 mL, 0.68 mmol) was added followed by TEA (0.11 mL, 0.68 mmol). The 
reaction mixture was heated at reflux for 30 min. After cooling to room temperature, the 
reaction mixture was diluted with chloroform, washed with a saturated aqueous solution of 
sodium bicarbonate and brine, and dried over Na2SO4. After filtration, the solvent was 
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evaporated and the crude mixture was purified by column chromatography with chloroform as 
the eluent to give the product (18 mg, 23%) as metallic dark-green crystals. 1H NMR (400 
MHz, CDCl3, ppm) δ 7.86–7.81 (m, 2H), 7.57–7.53 (m, 2H), 7.49–7.33 (m, 7H), 7.08 (s, 
1H), 6.99–6.94 (m, 2H), 6.59 (s, 1H), 6.50 (s, 1H), 6.45 (s, 1H). 
6.5.2  Synthesis  of  BODIPY dimer 
Ethyl 2-(4-vinylphenyl)-4H -furo[3,2-b]pyrrole-5-carboxylate (15).  See 
General procedure 5.1 (p.153): Aldehyde 14 (1.8 g, 8.8 mmol), ethyl 
azidoacetate (2.3 g, 17.9 mmol), absolute ethanol (100 mL), sodium 
ethoxide (5.7 g, 17.9 mmol, 20 wt % in ethanol), 0 °C, 3 h, toluene 
(30 mL), reflux, 2 h. Column chromatography on silica gel with 
pentane/ethyl acetate (4/1) as the eluent afforded the pure product (1.2 g, 48%) as a orange 
solid. 1H NMR (300 MHz, CDCl3, ppm) δ 8.69 (s, 1H, NH), 7.69 (d, J = 8.4 Hz, 2H, CArH), 
7.44 (d, J = 8.3 Hz, 2H, CArH), 6.83–6.79 (m, 1H, CArH), 6.72 (dd, J = 17.6, 10.8 Hz, 1H, 
CH=CH), 6.71 (s, 1H, CArH), 5.78 (d, J = 17.6 Hz, 1H, CH=CH), 5.28 (d, J = 10.8 Hz, 1H, 
CH=CH), 4.35 (q, J = 7.1 Hz, 2H, CH2CH3), 1.38 (t, J = 7.1 Hz, 3H, CH2CH3). 13C NMR 
(75 MHz, CDCl3, ppm) δ 162.0, 159.7, 147.9, 137.2, 136.3, 130.40, 130.36, 126.6, 124.13, 
124.11, 114.2, 96.8, 93.6, 60.5, 14.5. IR (neat, cm–1) ῦmax 3416, 3299, 2980, 2250, 2120, 
1688, 1437, 1286, 1208, 914. HRMS (EI) m/z calcd for C17H15NO3 + H+: 282.1086; found: 
282.1090 (|Δ| = 1.4 ppm). 
2-(4-Vinylphenyl)-4H -furo[3,2-b]pyrrole-5-carboxylic  acid (11).  See 
General procedure 5.2 (p.154): NaOH (2.4 g, 60 mmol), water (5 mL), 
15 (1.12 g, 4.0 mmol), ethanol (10 mL), reflux, 35 min. The product 
(0.91 g, 90 %) was obtained without further purification as a green 
solid. 1H NMR (300 MHz, DMSO-d6, ppm) δ 11.34 (brs, 1H), 7.74 
(d, J = 7.6 Hz, 2H, CArH), 7.51 (d, J = 7.1 Hz, 2H, CArH), 7.08 (s, 1H, CArH), 6.74 (dd, J = 
17.2, 10.6 Hz, 1H, CH=CH), 6.58 (s, 1H, CArH), 5.86 (d, J = 18.3 Hz, 1H, CH=CH), 5.27 (d, 
J = 11.3 Hz, 1H, CH=CH). 13C NMR (75 MHz, DMSO-d6, ppm) δ 162.5, 158.1, 147.0, 
136.4, 136.1, 130.4, 130.3, 126.7, 124.8, 123.8, 114.5, 95.6, 95.1. HRMS (EI) m/z calcd for 
C15H11NO3 – H+: 252.0660; found: 252.0665 (|Δ| = 1.98 ppm). 
2-(4-Vinylphenyl)-4H -furo[3,2-b]pyrrole-5-carbaldehyde (12).  Acid 11 
(0.51 g, 2.0 mmol) and N,O-dimethylhydroxylamine hydrochloride (0.43 
g, 4.4 mmol) were combined in a Schlenk flask equipped with a septum 
and a stirrer and flushed with argon 3 times. A mixture of THF/CH2Cl2 
(5/1, 24 mL) was then added, followed by iPr2NEt (0.83 mg, 6.4 mmol), 
and the mixture was cooled to 0 °C and stirred for 15 min, after which time the Deoxo-Flour 
reagent (50%, v/v in THF 2 mL, 4.4 mmol) was added. The mixture was then allowed to warm 
to room temperature and stirred for 2 h, after which time the reaction was quenched with 
NH4Cl and extracted with diethyl ether. The combined organic layers were washed with water 
and dried over Na2SO4. After filtration, the solvent was evaporated and the formed Weinreb 
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amide 16 (0.24 g, 0.8 mmol) was dissolved in THF (5 mL) and added dropwise to a solution 
of LiAlH4 (38 mg, 0.8 mmol) in THF (5 mL) at –78 °C. The reaction mixture was then stirred 
at 0 °C for 90 min, and allowed to warm to room temperature. After 30 min, the reaction was 
quenched with an aqueous solution of KHCO3 (1M) and extracted with ethyl acetate. The 
combined organic layers were washed with water and dried over Na2SO4. After filtration, the 
solvent was evaporated and the residue was purified by column chromatography with ethyl 
acetate/pentane (1/2) as the eluent to afford the pure product (57 mg, 30 %) as a yellow solid. 
1H NMR (300 MHz, CDCl3, ppm) δ 9.47 (s, 1H, COH), 8.90 (brs, 1H, NH), 7.73 (d, J = 8.4 
Hz, 1H, CArH), 7.47 (d, J = 8.1 Hz, 2H, CArH), 6.83–6.64 (m, 3H), 5.81 (d, J = 17.7 Hz, 1H, 
CH=CH), 5.31 (d, J = 10.8 Hz, 1H, CH=CH). 13C NMR (75 MHz, CDCl3, ppm) δ 161.9, 
159.3, 148.8, 137.0, 136.2, 130.5, 129.0, 126.6, 124.9, 124.0, 114.0, 96.7; 93.6. MALDI-
ToF MS (dithranol) m/z calcd for C15H11NO2 + Na+: 260.06; found: 260.15. 
BODIPY 17. To a stirred solution of aldehyde 12 (50 mg, 0.21 mmol) in CH2Cl2 (10 
mL) under an argon atmosphere, 2,4-dimethylpyrrole (22 mg, 0.23 
mmol) was added. The mixture was cooled to 5 °C and POCl3 (37 mg, 
0.23 mmol) was added. After stirring at 5 °C for another 30 min, the 
mixture was allowed to warm to room temperature and stirred 
overnight, followed by the addition of iPr2NEt (0.11 g, 0.84 mmol) and after 15 min by 
BF3·OEt2 (0.12 g, 0.84 mmol). After 15 min, the reaction mixture was diluted with chloroform, 
washed with a saturated aqueous solution of sodium bicarbonate and brine, and dried over 
Na2SO4. After filtration, the solvent was evaporated and the crude mixture was purified by 
column chromatography with chloroform/pentane (2/1) as the eluent to give the pure product 
(40 mg, 53%) as metallic dark-red crystals. 1H NMR (300 MHz, CDCl3, ppm) δ 7.75 (d, J = 
8.4 Hz, 2H, CArH), 7.48 (d, J = 8.5 Hz, 2H, CArH), 7.08 (s, 1H, CArH), 6.91 (s, 1H, CArH), 
6.74 (dd, J = 17.6, 10.9 Hz, 1H, CH=CH2), 6.50 (s, 1H, CArH), 6.10 (s, 1H, CArH), 5.83 (d, J 
= 17.6 Hz, 1H, CH=CH2), 5.34 (d, J = 11.0 Hz, 1H, CH=CH2), 2.59 (s, 3H, CH3), 2.25 (s, 
3H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ (2C overlapped) 166.7, 159.2, 148.5, 142.4, 
139.0, 137.2, 136.1, 129.2, 126.8, 125.4, 123.4, 119.9, 115.3, 102.3, 95.3, 29.7, 15.0, 11.4. 
IR (neat, cm–1) ῦmax 3127, 2920, 2850, 1731, 1597, 1463, 1368, 1234, 1161, 1096, 1070, 953, 
802, 664. UV–vis (CH2Cl2) λabs = 586 nm. MALDI-ToF MS (dithranol) m/z calcd for 
C21H17BF2N2O: 362.14; found: 362.09; calcd for dimer + Na+: 747.28; found: 746.90. 
BODIPY 18. Compound 17 (31mg, 86 µmol) and [1,3-bis(2,4,6-trimethylphenyl)-
2-imidazolidinylidene]dichloro 
(phenylmethylene)(tricyclohexylphosphine) 
ruthenium (second-generation Grubbs catalyst, 
4 mg, 4 µmol) were combined in a Schlenk 
finger equipped with a stirrer and a septum and flushed with argon 3 times. Chloroform (3 mL) 
was added and the mixture was stirred at 40 °C for 12 h. Subsequently, the solvent was 
evaporated and the crude mixture was purified by column chromatography with 
chloroform/MeOH (99/1) as the eluent to give the pure product (10 mg, 34%) as metallic 
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dark-purple crystals. The low solubility of the product in the available deuterated solvents (e.g., 
CDCl3, THF-d8, toluene-d6) prevented interpretation of the NMR spectra. UV–vis (CH2Cl2) 
λabs = 626 nm. MALDI-ToF MS (dithranol) m/z calcd for C40H30B2F4N4O2: 696.249; found: 
696.208; calcd for C40H30B2F4N4O2 – F–: 677.25; found: 677.17. 
6.5.3  Synthesis  of  BODIPY polymers 
BODIPY 22. Boronic acid 13 (0.5 g, 3.4 mmol), BODIPY 21 (0.77 g, 1.5 mmol), 
and [1,1’-bis(diphenylphosphino)ferrocene] palladium(II) 
dichloride dichloromethane complex (1:1; 50 mg, 52 µmol) 
were combined in a Schlenk finger equipped with a stirrer and 
a septum and washed with argon 3 times. A degassed mixture of toluene (20 mL), ethanol (4 
mL), and an aqueous solution of Na2CO3 (2 M, 4 mL) was added, and the mixture was stirred 
at 70 °C for 12 h. Subsequently, the mixture was cooled to room temperature and the organic 
phase was washed with water (50 mL), dried over Na2SO4, and evaporated. After filtration, the 
solvent was evaporated and the crude mixture was purified by column chromatography with 
chloroform/pentane (2/1) as the eluent to give the pure product (0.40 g, 58%) as metallic dark-
red crystals. 1H NMR (400 MHz, CDCl3, ppm) δ 7.49 (d, J = 8.0 Hz, 4H, CArH), 7.24 (d, J = 
8.2 Hz, 4H, CArH), 7.18 (s, 1H, CArH), 6.77 (dd, J = 17.6, 10.9 Hz, 2H, CH=CH2), 5.81 (dd, 
J = 17.6, 0.8 Hz, 2H, CH=CH2), 5.30 (dd, J = 10.9, 0.8 Hz, 2H, CH=CH2), 2.56 (s, 6H, 
CH3), 2.25 (s, 6H, CH3). 13C NMR (75 MHz, CDCl3, ppm) δ 155.4, 137.3, 136.43, 136.36, 
133.0, 131.8, 129.8, 126.3, 120.3, 114.0, 30.9, 13.5, 10.3. UV–vis (CH2Cl2) λabs = 546 nm. 
MALDI-ToF MS (dithranol) m/z calcd for C29H27BF2N2 – F–: 433.22; found: 433.45. 
BODIPY polymer 23. Compound 22 (0.14 g, 0.30 mmol) and second-generation 
Grubbs catalyst (13 mg, 15 µmol) were combined in a 
Schlenk finger equipped with a stirrer and a septum and 
washed with argon 3 times. EtCl2 (6 mL) was added and the 
mixture was stirred at 55 °C for 1 day. After evaporation of the solvent, the residue was 
dissolved in a minimal amount of CH2Cl2 and precipitated into an excess of MeOH to give the 
pure product (0.11 g, 83%) as a dark-purple solid. The low solubility of the product in the 
available deuterated solvents (e.g., CDCl3, THF-d8, toluene-d6) prevented interpretation of the 
NMR spectra. UV–vis (CH2Cl2) λabs = 553 nm. MALDI-ToF MS (dithranol) m/z calcd for 
C56H50B2F4N4 (dimer): 876.42; found: 876.65; calcd for C56H50B2F4N4 – F–: 857.42; found: 
857.64. 
BODIPY copolymer 27. Compound 22 (157 mg, 0.35 mmol), 24 (83 mg, 0.42 
mmol) and second-generation Grubbs catalyst 
(30 mg, 35 µmol) were combined in a Schlenk 
finger equipped with a stirrer and a septum and 
washed with argon 3 times. CHCl2 (6 mL) was 
added and the mixture was stirred at 50 °C for 1 day. After evaporation of the solvent, the 
residue was dissolved in a minimal amount of chloroform and precipitated into an excess of 
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MeOH to give the product (0.11 g, 89%) as a dark-purple powder. The low solubility of the 
product in the available deuterated solvents (e.g., CDCl3, THF-d8, toluene-d6) prevented 
interpretation of the NMR spectra. UV–vis (CH2Cl2) λabs = 550 nm. 
BODIPY copolymer 28. Compound 22 (100 mg, 0.22 mmol), cyclooctene (31 mg, 
0.27 mmol), and second-generation Grubbs catalyst (19 
mg, 22 µmol) were combined in a Schlenk finger 
equipped with a stirrer and a septum and washed with 
argon 3 times. CHCl2 (6 mL) was added and the mixture was stirred at 50 °C for 20 h. After 
evaporation of the solvent, the residue was dissolved in a minimal amount of chloroform and 
precipitated into an excess of MeOH to give the product (0.11 g, 89%) as a dark-brown powder. 
The low solubility of the product in the available deuterated solvents (e.g., CDCl3, THF-d8, 
toluene-d6) prevented interpretation of the NMR spectra. UV–vis (CH2Cl2) λabs = 551 nm. 
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Summary 
For a synthetic reaction to be useful and find broader applications beyond a simple proof 
of concept, it needs to be selective and provide high yields. These and other requirements were 
postulated by Sharpless when he laid the foundations of click chemistry at the beginning of this 
millennium. Soon thereafter, the beneficial effect of copper(I) ions on the regioselectivity and 
rate of the azide–alkyne cycloaddition reaction were discovered and this reaction became the 
most prominent member of the click reaction family. Because the starting compounds for this 
simple, selective and orthogonal reaction are readily available, click chemistry has found 
applications in organic chemistry, polymer and biochemistry fields. The formed 1H-1,2,3-
triazole linker has become the key structural element of many novel biohybrid materials. Owing 
to the intrinsic structure of the triazole with three heteroatoms and a polarised C–H bond, 
studies that took advantage of the metal-binding and hydrogen-donating and -accepting 
properties have also emerged. In these cases, the triazole has served as the key functional element 
of supramolecular structures, sensors, ligands and recently also catalytic systems. 
Catalytic systems, in particular, very often consist of N-heterocyclic moieties. Porphyrins, 
comprising four pyrrole moieties, are one example of such systems. Due to the ease of 
functionalisation and a variety of metals that can be coordinated by the porphyrin moiety, these 
molecules have found wide applications in various metal-catalysed reactions. The natural 
occurrence of porphyrins in living cells also makes them very interesting for studies that mimic 
processes found in nature. Recently, systems were described that mimicked the behaviour of 
processive catalytic systems, such as DNA polymerase and λ-exonuclease. However, a complete 
understanding of the ongoing processes in these model catalytic systems is still of great 
importance. 
Inspired by the broad scope of N-heterocyclic systems, the two main aims of this thesis 
were to describe the preparation of innovative triazole-based functional materials and N-
heterocyclic reporter systems for the visualisation of catalytic reactions. Findings of this research 
are described in the following six chapters: 
In Chapter 1, a literature overview of the use and applications of the click reaction is 
presented together with the outline of this thesis. 
A study of the metal-binding and hydrogen-bond-accepting properties of triazole-linked 
polymeric systems is described in Chapter 2. In these polymers, two reporting monomeric units 
were incorporated: a fluorescent fluorene unit and a chiral binaphthyl moiety. A combination of 
both with the coordinating ability of the triazole linker allowed for the detection of 
environmental changes by means of UV–vis, circular dichroism and fluorescence spectroscopies. 
A quantitative and reversible response towards Ag+ ions was observed, along with a less 
pronounced, but still observable, response towards changes in the pH of the environment. 
In Chapter 3, a straightforward comparative study of the two most commonly used 
azoles, triazoles and isoxazoles, was conducted. These heterocyclic systems were equipped with 
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electron-donating and -withdrawing groups, in an effort to form a dipole in these molecules. 
Results from computational studies suggested a non-symmetrical distribution of the frontier 
molecular orbitals in the case of isoxazole derivatives. The electronic properties of these systems 
were further examined by solvatochromic studies in solvents of different polarities. These have 
shown a large polarisation of the isoxazole-linked molecules. The observed polarisation of the 
molecules makes them an ideal candidate for NLO studies, and a pilot study of a diphenyl 
triazole analogue has showed very promising results. Moreover, the isoxazole linkers were 
incorporated into conjugated polymeric systems, where interesting optical properties depending 
on the linker orientation were observed. 
The aim of Chapter 4 was to describe the preparation of a synthetic click analogue of 
graphene. Such a flat 2D structure should be able to coordinate metal ions, be pH-responsive 
and, when stacked, form ion channels. For a tailored functionalisation of the starting 
compounds and intermediates, several synthetic strategies were employed that utilised different 
solubilising groups and various protecting groups to suppress the formation or to promote the 
separation of the (side)products. The use of orthogonal protecting groups showed a positive 
influence on the yields of the intermediates; however, the target material with the desired 
hexagonal cavities could not be isolated. 
In Chapter 5, the focus has turned from triazole-based systems towards pyrrole-based 
molecules. In this work, a reporter molecule based on a highly fluorescent BODIPY moiety 
appended with an olefinic side group was designed and prepared. It was found that chemical 
changes in the alkene group (i.e., epoxidation), resulted in the pronounced changes of the 
BODIPY’s optical properties. This allowed for a detailed observation of the epoxidation process 
within the cavity of a porphyrin-based catalytic system, as well as demonstrating the feasibility 
of using BODIPY-alkenes as reporter systems for various oxidation reactions. 
In Chapter 6, an extra step was taken towards the visualisation of the processive catalysis 
of the porphyrin catalyst by studying new types of BODIPY reporters. Firstly, a stilbene 
analogue was prepared with the aim to study differences in the reaction rates between cis- and 
trans-alkenes. However, only the trans-derivative was prepared in sufficient purity. In addition, 
an alkene-linked BODIPY dimer was prepared and studied. With this dimer, it was 
demonstrated that disruption of the delocalised pathway between the BODIPY cores resulted in 
changes that were readily observed by fluorescence spectroscopy. These findings motivated the 
synthesis of alkene-linked BODIPY polymers to study processive catalysis. To obtain these 
polymers, two synthetic strategies were employed, one of which provided the desired alkene-
appended monomers. Metathesis chemistry was used for the polymerisation of the monomers, 
which yielded poorly soluble products. Also, the introduction of solubilising co-monomers did 
not bring major improvements towards increased solubility, therefore the processive studies 
could not be performed. 
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Samenvattig 
Om ervoor te zorgen dat een synthesereactie bruikbaar is en behalve als concept ook 
brede toepassing vindt, moet zij selectief zijn en een hoge opbrengst opleveren. Deze en andere 
eisen werden door Sharpless naar voren gebracht toen hij begin deze eeuw de basis van de 
clickchemie legde. Kort daarna werd ontdekt dat koper(I)-ionen een positief effect hebben op 
de regioselectiviteit en reactiesnelheid van de cycloadditie tussen azides en alkynen. Deze reactie 
werd daarmee de meest prominente variant onder de clickreacties. Dankzij het feit dat de 
uitgangsstoffen voor deze eenvoudige, selectieve en orthogonale  reactie goed beschikbaar zijn, is 
de clickchemie uitgebreid toegepast in de organisch chemie en ook op het gebied van de 
polymeer- en biochemie. De gevormde 1H-1,2,3-triazoollinker is tot een van de belangrijkste 
structurele elementen van de nieuwe biohybride materialen gaan behoren. Vanwege de 
intrinsieke structuur van de triazool, bestaande uit drie heteroatomen en een gepolariseerde C–
H binding, zijn er ook studies verschenen waarbij gebruik werd gemaakt van diens 
metaalbindende eigenschappen en van de mogelijkheid om als waterstofbrugdonor of -acceptor 
te fungeren. De triazool heeft in deze gevallen als belangrijk functioneel element van 
supramoleculaire structuren, sensors, liganden en recent ook katalytische systemen gediend. 
Ook katalytische systemen bestaan vaak uit N-heterocyclische eenheden. Een voorbeeld 
van dergelijke systemen zijn porfyrines, die vier pyrroolgroepen bevatten. Deze moleculen 
worden breed toegepast in verschillende metaal-gekatalyseerde reacties, dankzij het gemak 
waarmee ze gefunctionalizeerd kunnen worden en de variëteit van metalen die kunnen binden 
aan de porfyrinegroep. Ook het natuurlijk vóórkomen van porfyrines in levende cellen draagt er 
aan bij dat het interessante moleculen zijn voor studies die processen uit de natuur kunnen 
nabootsen. Systemen die het gedrag van processieve katalysesystemen zoals DNA polymerase en 
λ-exonuclease nabootsen, zijn recent beschreven. Een vollediger begrip van de processen die 
zich afspelen in dit soort modelsystemen blijft echter van groot belang. 
De vele mogelijkheden van N-heterocyclische systemen hebben ter inspiratie gediend 
voor dit proefschrift. Het belangrijkste doel van dit werk was om zowel de bereiding van 
innovatieve, op triazool gebaseerde, functionele materialen, als de bereiding van N-
heterocyclische reportersystemen voor de visualisatie van katalytische reacties te bestuderen. De 
resultaten van dit onderzoek worden beschreven in de volgende zes hoofdstukken: 
Hoofdstuk 1 bevat een literatuuroverzicht over het gebruik van de clickreactie, en 
beschrijft daarnaast de opbouw van dit proefschrift. 
Hoofdstuk 2 beschrijft een studie naar metaalbinding en als waterstofbrug-vorming van 
triazool-gekoppelde polymeersystemen. Twee monomeer-eenheden, die beide als reporter 
fungeren, werden in deze polymeren ingebouwd: een fluorescent fluoreen en een chirale 
binaphthylgroep. De combinatie van beide eenheden, samen met de coördinerende eigenschap 
van de triazoollinker maakten het mogelijk om door middel van circulair dichroïsme, UV–vis 
en fluorescentiespectroscopie veranderingen in de omgeving te detecteren. Een kwantitatieve en 
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reversibele respons op Ag+ ionen kon worden waargenomen, samen met een minder 
uitgesproken, maar nog steeds waarneembare, respons op veranderingen in de omgevings-pH.  
Hoofdstuk 3 behandelt een eenvoudige, vergelijkende studie tussen de twee meest 
gebruikte azolen, triazolen en isoxazolen. Deze twee heterocyclische systemen werden uitgerust 
met elektronenstuwende en -zuigende groepen om zo een dipool te vormen. De resultaten van 
computationele studies lieten zien dat de moleculaire grensorbitalen van isoxazoolderivaten 
asymmetrisch verdeeld waren. De elektronische eigenschappen van deze systemen werden door 
middel van solvatochromische studies in oplosmiddelen met verschillende polariteiten verder 
onderzocht. Deze studies toonden een grote polarisatie van de isoxazool-gekoppelde moleculen 
aan. De waargenomen polarisatie maakt deze moleculen ideale kandidaten voor niet-lineaire 
optische (NLO) studies. De resultaten van een test met een analoog van difenyltriazool waren 
veelbelovend. Daarnaast werden isoxazoollinkers ingebouwd in geconjugeerde 
polymeersystemen, waarmee interessante, optische eigenschappen werden waargenomen die 
afhankelijk waren van de oriëntatie van de linker.  
Het doel van Hoofdstuk 4 was om de bereiding van een synthetisch clickvariant van 
grafeen te beschrijven. Een dergelijk platte 2D-structuur zou in staat moeten zijn om 
metaalionen te coördineren, moeten kunnen reageren op veranderingen in pH, en na stapeling 
ionkanalen moeten kunnen vormen. Meerdere synthesestrategieën werden uitgeprobeerd die 
gebruik maakten van verschillende oplosbaarheid-verhogende groepen en een variatie van 
beschermgroepen om zo de vorming van (bij)producten te onderdrukken, danwel de scheiding 
ervan te vergemakkelijken. Het gebruik van orthogonale beschermgroepen had een positief 
effect op de opbrengst van de tussenproducten; echter, het beoogde eindmateriaal met de 
gewenste hexagonale holtes kon niet geïsoleerd worden.  
In Hoofdstuk 5, werd de focus van het onderzoek aangepast van triazool-gebaseerde 
systemen naar pyrrool-gebaseerde moleculen. In dit werk werd een reportermolecuul, gebaseerd 
op de fluorescente BODIPY groep en uitgerust met een alkeen zijgroep ontworpen en bereid. 
Er werd waargenomen dat chemische veranderingen in de alkeengroep (bijvoorbeeld epoxidatie) 
tot uitgesproken veranderingen in de optische eigenschappen van BODIPY leidden. Dit maakte 
het mogelijk om het epoxidatieproces, zich afspelend in de holte van een op porfyrine gebaseerd 
katalysesysteem, in detail waar te nemen. Ook werd hiermee aangetoond dat het mogelijk is om 
BODIPY-alkenen als reportersystemen voor verschillende oxidatiereacties te gebruiken. 
In Hoofdstuk 6 werd een extra stap genomen richting de visualisering van processieve 
katalyse door op porfyrine gebaseerde katalysatoren. Nieuwe soorten BODIPY reporters werden 
bestudeerd. Eerst werd een stilbeenanaloog bereid om zo het verschil in reactiesnelheden tussen 
cis- en trans-alkenen te bestuderen. Alleen de trans-variant kon echter met genoeg zuiverheid 
bereid worden. Daarnaast werd een BODIPY dimeer dat gekoppeld was via een alkeen bereid 
en bestudeerd. Met behulp van dit dimeer kon worden aangetoond dat het verbreken van de 
conjugatie tussen de twee BODIPY kernen leidden tot veranderingen die eenvoudig konden 
worden waargenomen met behulp van fluorescentiespectroscopie. Deze bevindingen vormden 
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de motivatie voor de synthese van alkeen-gekoppelde BODIPY polymeren om zo processieve 
katalyse te bestuderen. Twee synthesestrategieën werden nagestreefd ter verkrijging van deze 
polymeren. Eén van deze strategieën leidde tot de gewenste alkeen-bevattende monomeren. Een 
metathesereactie werd toegepast om de monomeren in polymeren om te zetten. Dit resulteerde 
in slecht oplosbare producten. De introductie van oplosbaarheid-verhogende co-monomeren 
verbeterde de oplosbaarheid niet genoeg, wat het bestuderen van werkelijke processieve katalyse 
in de weg stond.  
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